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ABSTRACT 


An  investigation  was  made  of  the  factors  controlling  the  ductile-brittle 
behavior  of  two  gradas  of  commercial  purity  beryl liu»v  Brush  QMV  and  Fechiney 
CR.  Tensile  tests  were  made  on  randomly  oriented  samples  at  temperatures  from 
23°C  to  500°C,  Extrusions  were  tested  in  the  longitudinal  and  transverse  di¬ 
rections  in  the  range  -195°C  to  200°C.  Three  grain  sizes  of  each  material 
were  investigated,  and  comparisons  made  between  specimens  tested  in  the  aged 
and  unaged  condition.  The  aging  treatment  was  900°C  for  6  hours  followed  by 
48  hours  at  700°C.  Mechanical  properties  of  both  materials  were  very  similar 
after  this  heat  treatment  and  no  advantage  could  be  claimed  for  the  higher  pu¬ 
rity  Pechiney  beryllim.  Aging  reduced  the  amount  of  impurities  In  solid  so¬ 
lution  and  contributed  to  improved  ductility  in  certain  temperature  ranges.  In 
general,  the  transition  temperature  was  lower  the  smaller  the  grain  size,  the 
slower  the  strain  rate,  and  the  purer  the  material.  Lower  transition  tempera¬ 
tures  were  observed  for  the  longitudinal  and  transverse  directions  of  the  extru¬ 
sions  than  for  the  hot-pressed,  randomly  oriented  specimens. 

The  ductile-brittle  transition  could  not  be  described  in  terms  of  the  dis¬ 
location  pileup  theories  for  body-centered-cubic  metals.  A  theory  of  the 
ductile-brittle  transition  based  on  the  thermally  activated  cross  slip  of  screw 
dislocations  from  the  basal  plane  into  pyramidal  or  prismatic  planes  was  pro¬ 
posed.  The  data  could  be  described  reasonably  well  in  terms  of  this  theory. 

This  technical  docvmentary  report  has  been  reviewed  and  is  spproved. 


J) 

f.  PERLMUTTER 


Chief,  Physical  Metallurgy  Branch 
Metals  and  Ceramics  Division 


Air  Force  Materials  Laboratory 


ill 


TABLF.  QF  CONTENTS 


Sect  Iqd  l*£S. 

1  INTRODUCTION  .  1 

1.1  Nature  of  the  Investigation . 1 

1.2  Results  of  Previous  Investigations  .  2 

2  EXPERIMENTAL  PROCEDURE .  3 

2.1  Material  . .  3 

2.2  Speciraon  Preparation  .  3 

2.3  Mechanical  Testing  ....  .  8 

2.4  Metallographic  and  X-Ray  Analysis  .  9 

3  RESULTS .  13 

3.1  Grain  Size  Measurements . 13 

3.2  Pole  Figures .  13 

3.3  Tensile  Tests .  13 

3.3.1  Tests  on  Hot-Pressed  Ma'fr'al . 17 

',„3.2  Testa  on  intruded  Material . 27 

4  DISCUSSION  or  RESULTS . 45 

4*1  General  Discussion  of  Tenalle  Data . 45 

4.1*1  Hot-Pressed  Material  .  45 

4.1.2  Extruded  Matorlal .  50 

4.2  Duct ile-Pr itt le  Transition  Theory . 52 

4.2.1  Theory  of  Cottrell .  53 

.2.2  Stroh'3  Theory  of  Probability  of  Prittle 

Fracture .  54 

4.2.3  Proposed  Theory  of  the  Duct ile-nrlttle 

Transition  in  Perylliun  .  58 

5  SUMMARY  AND  CONCLUSIONS . 66 

6  REP  ERENCES . 67 

APPENDIX  I  -  EFFECT  CP  STRAIN  RATE  ON  MECHANICAL  PROPERTIES  OP 

HOT- PRESSED  PLOCK . 71 


LIST  OF  ILLUSTRATIONS 


Flgvrq  £Mfl 

1  Dimensions  of  tensile  specimens .  6 

2  Location  of  test  specimens  in  extruded  bar .  7 

3  Microstructure  of  hot-pressod  Fechiney,  d  =  1.1  microna, 

500X.  Polarized  light . 10 

4  Microstructure  of  hot- pressed  Brush,  d  =  18,9  microns, 

500X.  Polarized  light . 10 

5  Transverse  section  of  Brush  extrusion,  d^  =  6,07  microns, 

Black  line  used  for  orientation  purposes  in  grain  size 
measurements.  500X.  Polarized  light  ....  .  11 

6  Longitudinal  section  of  Brush  extrusion,  d^  =  6,07  microns, 

500X.  Folarized  light . 11 

7  Transverse  section  of  Fechiney  extrusion,  d^  =  6.57  microns. 

500X.  Polarized  light . 12 

8  Longitudinal  section  of  Fechiney  extrusion,  dj  =  6.57 

microns,  500X,  Polarized  light  .  ,,,.  12 

9  (0002)  pole  figure  for  extrusion  fabricated  from  -150 

+  200  mesh  Brush  QhiV  powder.  Numbers  Lidicate  intensity, 

times  random . 15 

10  (lolo)  pole  figure . 16 

11  Tensile  strength  of  hot-prec3ed  beryllium  . . 19 

12  Yield  strength  of  hot-pressed  beryllium  . . 20 

13  Elongation  of  hot-pressed  berylliun . 21 

14  Reduction  in  area  of  hot-pressed  beryllium . 22 

15  Comparison  of  mechanical  properties  of  hot-pressed  Brush 

and  Fechiney  beryllium  in  the  aged  condition . 24 

16  True  stress  vs.  true  strain  curves  for  hot-pressed  Prush  ....  25 

17  True  stress  vs.  true  strain  curves  for  hot-pressed 

:  'Chiney . 26 

18  Effect  oi  strain  rate  on  mechanical  properties  of  onaged , 

hot,-;  ressed  Brush,  d  -  9.7  nicrona . 28 


v 


LIST  OF  ILLUSTRATIONS  (Continued) 


ZlBJUL  Za*g 

19  Effect  of  strain  ret#  on  mechanical  properties  of  aged, 

hot-pressed  Brush,  d  =  9.7  microns . 29 

20  Effect  of  strain  rate  on  aechanical  properties  of  unaged , 

hot-pressed  Pechiney,  d  =  10.3  microns . 30 

21  Effect  of  strain  rate  on  aechanical  properties  of  aged, 

hot-pressed  Pechiney,  d  =  10.3  microns . . . 31 

22  Tensile  strength  of  Brush  extrusions  .  34 

23  Tensile  strength  of  Pechiney  extrusions  .  35 

24  Yield  strength  of  Brush  extrusions  .  .....  36 

25  Yield  strength  of  Pechiney  extrusions  .  37 

26  Elongation  of  Brush  extrusions . 38 

27  Elongation  of  Pechiney  extrusions  . . 39 

28  Comparison  of  mechanical  properties  of  agod  Brush  and 

Pechiney  extrusions  tested  in  the  transverse  direction . 41 

29  True  stress  vs„  true  strain  curves  for  unaged  Brush 

extrusions  tested  at  23°C  . 42 

30  True  stress  vs.  true  strain  curves  for  unaged  Brush 

extrusions  tested  at  -195°C . 43 

31  Twinning  in  central  portion  of  longitudinal  Brush  speci¬ 
men  tested  at  -195°C.  1001.  Polarized  light . .  44 

32  Central  portion  of  transverse  Brush  specimen  tested  at 

-195°C.  100X.  Polarized  light  .  44 

33  True  stress  vs.  true  strain  curves  for  Brush  extrusions 

at  various  temperatures,  d^  -  6.07  microns . 46 

34  True  stress  vs.  true  strain  curves  for  Pechiney  extrusions 

at  various  temperatures . 47 

35  Region  adjacent  to  fracture  surface  of  unaged,  hot-pressed 

Pechiney  specimen  tested  at  300°C,  d  =  10.3  •  100X . 49 

36  Region  adjacent  to  fracture  surface  of  aged,  hot-pressed 

Pechiney  specimen  tested  at  300°C,  d  =  10.3  .  100X . 49 

n 


LIST  OF  ILLUSTRATIONS  (Continued) 


LUiO  Lmz 

37  Effect  of  grain  size  :>n  yield  strength  of  hot-pressed 

Prush  tensile  specimens  . . 55 

38  Effect  of  grain  size  on  yield  strength  of  extruded  Erush 

tensile  specimons . .  .  . . .  56 

39  Ln  d  vs.  l/Tc  plots  for  Brush  berylliun . .  •  59 

40  Work  hardening  rates  at  1  per  cent  strain  for  hot-pressed 

beryllium . 60 

41  Plow  stross  fit  0*05  and  1.0  per  cent  strain  for  hot-pressed 

Brush,  d  =  9  •7  microns  . . 61 

42  Work  hardening  rates  at  1  per  cent  for  extrusions  tested  in 

the  transverse  direction . 63 


vii 


LIST  OF  TABLES 


Table  La ££ 

1  COMPOSITION  AND  SIZE  DISTRIBUTION  Or  BRUSH  JW  POWDER .  4 

2  COMPOSITION  OF  FECHINEY  CR  POWDER .  5 

3  GRAIN  SIZE  FOR  HOT-PRESSED  BLOCKS . U 

4  GRAIN  SIZE  FOR  EXTRUDED  FLATS . U 

5  EFFECTS  OF  AGING  TREATMENTS  ON  PROPERTIES  OF  HOT-PRESSED 

BLOCK . IB 

6  EFFECT  OF  T RESTRAIN  AT  ELEVATED  TEMPERATURE  ON  ROOM  TEM¬ 
PERATURE  MECHANICAL  PROPERTIES  OF  UNAGED  HOT-PRESSED 

BLOCK . 32 

7  EFFECT  OF  STRAIN  RATE  ON  MECHANICAL  PROPERTIES  OF  BRUSH 

HOT-PRESSED  BLOCK  .  72 

8  EFFECT  OF  STRAIN  RATE  ON  MECHANICAL  PROPERTIES  OF  FECHINEY 

HOT-PRESSED  ELOCK . 74 


vlii 


Section  1 


INTRODUCTION 


'  '  Nature  of  the  Investigation 

Ductility  in  berylliua  is  controlled  by  two  primary  factors:  (1)  condi¬ 
tion*  Imposed  in  testing,  and  (2)  processing  variables.  These  may  be  further 
subdivided  as  follows: 

1.  Condition*  imposed  in  testing 

(a)  temperature 

(b)  strain  rate 

(c)  environment,  l.e. ,  air,  inert  gas,  or  vacuum 

2.  Processing  variables 

(a)  orientation  (controlled  by  fabrication  procedure) 

(b)  grain  size 

(c)  purity 

(d)  thermal  treatments 

(e)  surface  condition 

(f)  method  of  consolidation  (i.e.,  powder,  cast) 

The  purpose  of  this  investigation  was  to  determine  the  effect*  of  some  of  these 
variables  on  the  ductile-brittle  transition  and  to  consider  the  transition  from 
a  theoretical  viewpoint.  Two  grades  of  commercial  purity  powder  metallurgy  be¬ 
ryllium  were  studied.  Brush  3MV  and  Pechiney  CR,  the  latter  being  of  higher  pu¬ 
rity.  Tensile  specimens  with  randomly  oriented  grains  wera  machined  from  hob- 
pressed  blocks  of  each  material,  and  specimens  with  preferred  orientations  from 
extruded  flat3.  Grain  size  was  varied  by  using  three  different  mesh  sizes  of 
powder  for  fabricating  the  hot-pressed  blocks  and  the  extrusions.  Thermal 
treatment  consisted  of  a  solution  treatment  at  900°C  for  6  hour3,  followed  by 
precipitation  for  48  hours  at  700°C.  Samples  given  this  treatment  are  referred 
to  as  "aged",  while  those  not  so  treated  are  "unaged".  Test  temperature  varied 
from  room  tempe-ature  to  SOO°C  for  the  randomly  oriented  samples,  and  from 
-195°C  to  200^C  for  the  extrusions.  Strain  rate  was  varied  for  the  hot-pressed 
samples  omy,  with  tests  being  made  at  strain  rates  of  0.0033,  0.033,  and  0.33 
per  minute.  A  limited  investigation  was  made  of  the  effects  of  prior  strain  at 
elevated  temperature  on  the  room  temperature  properties  of  hot-prossad  material. 


Manuscript  released  by  author  October  1963  for  publication  as  an  HTO  Technical 
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This  would  be  effective  in  laproving  ductility  if  dislocations ,  locked  by  la- 
purity  ataospherea  at  low  temperature,  could  be  freed  fron  their  ataospherea 
at  high  temperature. 

Environment,  surface  condition,  and  method  of  consolidation  were  not  vari¬ 
ables  in  this  study.  As  it  was,  mechanical  property  data  were  obtained  on  some 
400  tensile  specimens.  Analysis  of  the  data  led  to  a  proposed  mechanism  for 
the  ductile-brittle  transition  in  berylllisz. 

1.2  flmiulta  of  Frerious  Investigations 

For  any  given  temperature,  ductility  (as  measured  by  elongation  and/or  re¬ 
duction  in  area  in  a  tensile  teat)  is  affected  by  strain  rate  and  all  of  the 
processing  variables  previously  listed.  This  has  led  to  the  publication  of 
maeroua  curves  of  elongation  vs.  temperature  that  show  one  feature  in  common, 
a  ductile-brittle  transition  in  the  region  0-150°C,  and  a  maximum  in  the  duc¬ 
tility  vs.  temperature  curve  at  about  300-500°C  (Refs.  1-13). 

The  effects  of  strain  rats  on  beryllium  are  rather  well  known.  In  general, 
under  conditions  producing  transcrystalline  fracture,  ductilities  increase  with 
decreasing  strain  rate  (Refs.  1,  6,  8),  and  transition  temperature  Increases 
with  increasing  strain  rate.  The  role  of  test  environment  has  not  been  studied 
extensively,  although  it  has  been  mentioned  as  one  factor  that  might  Influence 
the  shape  of  the  temperature-elongation  curve  (Ref.  1). 

The  relation  of  crystallographic  orientation  to  ductility  has  been  ade¬ 
quately  covered  by  Sv ve-al  authors  (Rafe.  11-20)  and  no  attempt  will  be  made 
to  review  this  subject  here.  The  general  conclusion  is  that  when  basal  planes 
are  oriented  so  that  little  or  no  basal  slip  takes  place,  suitable  ductilities 
can  be  obtained  in  one  or  two  dimensions.  Limited  three-dimensional  ductility 
has  been  attained  in  hot-upset  sheet  (Refs.  20,  21)  in  which  the  basal  plane 
texture  (planes  parallel  to  the  plane  of  the  sheet)  is  relatively  low,  and  in 
which  there  is  no  preferred  crystallographic  direction  in  the  plane  of  the 
sheet,  as  there  is  in  normal  cross-rolled  sheet. 

Grain  size  was  studied  by  Beaver  end  Wlkle  (Ref.  i),  who  found  that  small 
grain  site  produces  better  elongation  when  fracture  is  primarily  t ransgranular . 
Greenspan  (Ref.  19)  showed  that  the  room  temperature  strength  of  basal-plane- 
layered  beryllium  increased  as  grain  size  decreased,  Bunce  and  Evans  (Ref.  12) 
found  that  the  transition  temperature  decreased  as  grain  size  decreased. 

Considerable  controversy  exists  as  to  the  exact  role  or  impurities  in  be¬ 
ryllium,  although  recant  evidence  supports  the  conclusion  that  ductility  can 
be  affected  by  impurities  over  a  wide  range  of  temperature.  Mash  (Ref.  22) 
investigated  the  use  of  aging  effects  to  improve  the  ductility  of  beryllium, 
as  did  Bennett  (Ref.  5),  Ge]les,  et  el  (Ref.  23),  and  Wolff,  et  al  (Ref.  24). 
Bunce  and  Evans  (Ref.  12)  found  that  aging  at  700°C  for  200  hours  improved  th° 
ductility  of  extruded  berylliim  tested  in  the  2Q-400°C  range.  The  purification 
of  beryllium  by  zone  refining  has  resulted  in  a  lowering  of  the  critical  ra- 
aolved  shear  stress  for  both  basal  and  prismatic  slip  (Refs.  11,  25),  with 
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basal  slip  far  more  sensitive  to  Impurity  content.  rheet,  prepared  from  vacuum 
distilled  beryllium  has  also  shown  improved  ductility  In  the  2O-a00°C  rango 
(Ref.  26). 

Another  factor  affecting  the  ductility  is  surface  condition.  Several 
authors  have  shown  that  elimination  of  the  twins  and  cracks  produced  in  the 
machining  of  test  samples  results  in  considerable  Improvement  in  ductility 
(Ref a.  2,  27,  28). 

The  ductility  of  beryllium  Is  thus  seen  to  be  governed  by  a  number  of 
variables,  making  It  a  difficult  subject  for  study. 


Section  2 

EXPERIMENTAL  PROCEDURE 


2.1  Material 

The  powder  for  this  Investigation  was  acquired  from  the  Brush  Berylllun 
Company  and  the  Pechlney  Company,  each  of  which  supplied  three  mesh  sizes  at- 
trltloned  from  a  single  ingot.  Analyses  and  mesh  sizes  as  supplied  by  th~ 
manufacturers  are  shown  In  Tables  1  and  2.  </here  direct  comparisons  of  raetal- 
llcs  are  available,  the  Fechlney  powder  is  an  order  of  magnitude  purer,  al¬ 
though  the  BeO  content  is  similar  for  both  materials.  Of  the  impurities  pres¬ 
ent  in  relatively  large  amounts  (namely,  aluminum.  Iron,  nickel,  and  BeO),  the 
percentages  increased  as  mesh  size  decreased.  This  factor  will  be  taken  into 
account  in  the  final  analysis  of  the  data. 

Each  batch  of  powJer  was  fabricated  at  Nuclear  Metals  into  one  hot  press¬ 
ing  (4-inch  diameter  by  J  Inches  high)  and  one  extruded  flat  (approximately  3 
inches  wide  by  ^  Inch  thlcx  by  20  lncnes  long).  The  hot  pressed  cylinders  and 
the  extrusion  billets  were  both  prepared  by  compacting  the  powder  in  mild  steel 
cans,  evacuating  the  cans,  and  heating  to  19503P.  Reduction  in  area  on  extru¬ 
sion  was  8j1.  Dome  of  the  extrusions  required  excessive  cropping  to  assure 
sound  material  and,  as  a  result,  fewer  than  the  planned  number  of  tensile 
specimens  could  be  machined. 

2.2  --McUign  .Preparation 

Round  bar  tensile  specimens  with  tapered  enis,  as  shown  in  Figure  1,  were 
machined  from  the  hot- pressed  blocks  with  the  axes  of  the  specimens  parallel  to 
the  pressing  direction.  Specimons  cut  from  the  extrusions  were  in  two  orienta¬ 
tional  (a)  longitudinal,  with  the  specimen  axis  parallel  to  the  axtrusion  di¬ 
rection,  and  (b)  transverse,  with  the  specimen  axis  at  45  degrees  to  the  extri>- 
sion  direction  (Figure  2).  These  orientations  weje  such  that  the  longitudinal 
samples  would  deform  primarily  by  slip  on  the  •(1017^  prism  plane,  and  the  trans¬ 
verse  samples  by  slip  on  the  basal  plane. 
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Table  1 


COMPOSE  ION  AND  SIZE  DISTRIBUTION  OF  BRUSH  CJMV  POWDER 


Analysis,  ppm 


Element 

-60  +  80 
mesh 

-150  +  200 

mesh 

-325 

mesh 

A1 

500 

600 

1300 

Fe 

1300 

1500 

1500 

Mg 

200 

200 

200 

SI 

400 

400 

400 

C 

800 

900 

800 

beO 

0.4l* 

0.5716 

1.4* 

Nominal 

Actual  Distribution 

mesh  size 

mesh 

-60+90 

+60 

0.4 

-60  ♦  70 

38.5 

-70  +  80 

46.5 

-80+100 

10.6 

-100 

4.0 

150  ♦  200 

+140 

8.7 

-l4o  +  170 

30.7 

-170  ♦  200 

34.3 

-200 

26.3 

-325 

4325 

1.2 

-325  +400 

14.3 

-400 

84.3 
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Table  2 


COMPOSITION  OF  PECHINEY  CB  POWDER 


Element 

-50  ♦  120 
m-sh 

-120  ♦  200 
mesh 

-200  +350 
mesh 

A1 

70 

100 

190 

A« 

<  3 

<3 

<  3 

B 

1 

1 

1 

Cd 

<  2 

<2 

<  2 

Ca 

100 

90 

75 

C 

260 

210 

280 

Cr 

10 

<10 

30 

Cu 

60 

90 

35 

Fe 

155 

195 

300 

Cl 

<20 

<20 

<  20 

MS 

<10 

<10 

<10 

Mn 

7 

5 

9 

Mo 

<15 

<15 

<  15 

N1 

152 

205 

230 

Pb 

<15 

<15 

<15 

BeO 

0.42* 

0.68* 

1.17* 
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1  -  TRANSVERSE 
TEST  COUPON 


‘  LONGITUDINAL 
TEST  COUPON 


Fixture  2 


Location  of  Lest  specimens  it.  extruded  tar 


Previous  work  by  Greenspan  (Kef .  19)  had  indicated  that  in  an  extruded 
flat,  basal  planes  would  be  aliened  parallel  to  the  extrusion  direction,  with 
the  poles  of  the  basal  plane  concentrated  at  approx imat a ly  75  to  90  degrees 
froa  the  large  surface  of  the  extrusion.  Thus ,  the  transverse  test  samples  cut 
at  45  degrees  to  the  extrusion  direction,  as  shown  in  Figure  2,  were  expected 
to  have  the  basal  planes  aligned  in  the  direction  of  max Laua  shear  stress  in  a 
tensile  test,  i.e.,  at  45  degrees  to  the  tensile  axis.  As  will  be  shown  subse¬ 
quently,  basal  planes  in  the  current  extrusions  were  parallel  to  the  extrusion 
direction,  but  concentrated  at  45  degrees  to  the  large  surface,  so  that  the  re¬ 
sulting  angle  between  the  tensile  axis  and  the  basal  planes  was  only  30  degrees. 
However,  flow  would  still  be  expected  to  occur  preferentially  on  the  basal  planes 
because  of  the  large  difference  in  flow  stress  between  the  basal  end  prismatic 
planes  at  low  teaperatures. 

The  specimens  machined  from  hot-pressed  block  were  annealed  for  1  hour  at 
700°C  to  remove  residual  stresses  introduced  in  machining.  Since  the  blocks 
had  bean  slow  cooled  after  sintering,  this  treatment  should  have  had  little,  if 
any,  effect  on  redistribution  of  impurities.  On  the  other  hand,  the  extruded 
specimens  were  cooled  at  a  comparatively  rapid  rate  after  extrusion,  tiu  heat¬ 
ing  for  1  hour  at  700°C  might  have  constituted  an  aging  treatment.  For  reasons 
to  be  discussed  subsequently,  residual  machining  stressea  wera  not  a  problem  in 
the  extruded  material.  All  samples  were  chemically  polished  to  remove  4  to  5 
mils  from  the  surface  in  a  solution  of  450  ml  H3PO4,  25  ml  H2SO4,  and  53  g 
chromium  trloxida  at  100-120°C.  Finally,  the  samples  were  electropollshed  to 
remove  an  additional  1  to  2  mlla  in  a  solution  of  1000  ml  ethylene  glycol,  100 
ml  HNO3,  20  ml  HC1,  and  20  ml  H2S04. 

2.3  Bflchaalcftl  TaaUag 

Tensile  tests  were  performed  on  a  10,000  lb.  Instron  machine  operated  at  a 
basic  crosshaad  speed  of  0.005  lnch/min.  The  grips  were  split  and  machined  with 
a  tapered  recesa  to  match  that  on  the  tensile  specimens.  Initially,  tests  on 
hot-pressed  block  in  the  region  100-200°C  were  male  with  the  specimens  immersed 
in  a  stirred  silicone  oil  bath.  At  300°C,  a  Marshall,  creep- type,  solid  shall 
tuba  furnace  was  used.  In  either  case,  inserting  and  removing  specimens  from 
the  machine  vaa  inconvenient  and  time  consisting.  All  subsequent  elevated  tem¬ 
perature  tests  were  made  in  a  split-tube  furnace,  with  a  heating  section  12 
inches  long  and  2  Inches  diameter.  It  was  mounted  so  that  both  halves  swung 
away  from  the  s;>ecimen,  permitting  easy  access.  A  chromel-slumel  thermocouple 
wired  to  the  specimen  acted  as  the  temparature-con troll ing  thermocouple.  Tem¬ 
perature  was  maintained  to  15°C  by  a  Laeds  and  Northrup  Speedamax  controller, 
and  specimens  ware  held  at  temperature  for  10  minutes  prior  to  testing. 

Subzero  tests  were  made  by  immersing  the  specimens  in  various  media.  Liq¬ 
uid  nitrogen  was  used  at  -195°C.  Initially,  dry  ice  -  acetone  was  used  for 
-75°C,  but  some  anomalously  low  ductilities  were  observed  and  it  was  thought 
that  the  acetone  might  in  some  way  be  embrittling.  Therefore,  subsequent  tests 
in  the  region  -75°C  to  -150°C  were  made  in  isopentane  cooled  with  a  copper  coll 
containing  liquid  nitrogen.  Temperatures  were  measured  with  a  chrome  1-aliaael 
thermocouple  wired  to  the  specimens. 
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Load  extension  curves  were  obtained  for  each  specimen,  with  crosshead  mo¬ 
tion  serving  as  a  measure  of  the  extension.  The  assvnption  was  made  that  de¬ 
formation  was  confined  to  the  1.5  inch  reduced  section  of  the  samples  and  elon¬ 
gation  is  thus  reported  as  percent  in  1.5  inches.  Several  samples  were  tested 
with  an  extensometer  attached  to  the  gage  section  and  the  elongations  agreed 
closely  with  those  obtained  by  measuring  crosshead  separation.  As  an  additional 
check,  overall  sample  length  was  measured  before  and  after  testing  and  the 
change  in  sample  length  was  found  to  agree  favorably  with  the  amount  of  plaetlc 
deformation  Indicated  on  the  load-extension  chart. 

2.4  Hetallographic  and  X-Ray  Analysis 

Metal lographic  sections  were  prepared  for  each  hot-pressed  block  and  each 
extrusion  so  that  the  structure  could  be  examined  end  the  grain  size  measured. 
The  polishing  procedure  was  similar  to  that  used  previously  (Ref.  28)  ,  and  typ¬ 
ical  structures  are  shown  In  Figures  3  through  8. 

For  the  randomly  oriented  hot-pressed  block,  three  50Ox  photographs  were 
made  of  each  specimen.  Ten  5  cm  traverses  were  made  at  various  angles  across 
each  photograph,  and  the  master  of  grain  boundaries  Intersected  per  unit  length 
of  this  random  line,  N^»  was  rocorded.  The  reciprocal,  d,  is  the  mean  Inter¬ 
cept  diameter  of  the  polycrystall lne  aggregate,  and,  for  equlaxed  grains,  is 
the  true  three-dimensional  intercept  grain  diameter. 

Since  the  grains  for  the  extruded  material  were  not  equlaxed,  it  was  nec¬ 
essary  to  make  measurements  in  more  than  one  plane.  Three  500ot  photographs 
were  made  at  random  locations  on  each  of  the  three  mutually  perpendicular  faces 
of  an  extruded  flat,  as  shown  in  the  sketch  accompanying  Table  4.  On  each  pho¬ 
tograph,  three  traverses  of  20  cm  each  were  made  in  the  direction  Indicated  end 
measured.  From  these,  values  of  d^,  d ^ »  and  d-j  were  calculated,  character¬ 
izing  the  dimensions  of  the  grains  In  relation  to  the  extrusion  axes. 

A  (0002)  and  {lolo}  pole  figure  were  made  for  the  Brush  extrusion  fabri¬ 
cated  from  -150  >200  mesh  powder.  The  basic  techniques  for  obtaining  quantita¬ 
tive  measurements  are  described  in  Refs.  2°,  30,  and  31.  The  pole  figure  speci¬ 
men  was  about  1  inch  square  end  0.3  inch  thick,  and  was  cut  from  the  extrusion 
as  shown  in  Figure  2.  A  GE  pole  figure  device  was  used  in  conjunction  with  a 
GE  XRi>-5  diffraction  unit  to  measure  diffracted  intensities. 

As  mentioned  in  Ref.  28,  certain  problems  arise  because  of  the  deep  pene¬ 
tration  of  X-rays  in  beryllli®.  Among  these  are  the  overlapping  of  the  (0002) 
and  (lOll^  reflections,  and  the  ^llnd"  regions  in  the  pole  figure  caused  by 
the  diffracted  beam  being  blocked  by  the  specimen  holder,  special  analyses 
were  applied  to  the  data  to  correct  for  the  low  absorption  effects  and  to  re¬ 
solve  the  (0002)  and  flOlli  lines.  Both  the  (0002)  and  (0004)  reflections 
(which  have  different  blind  regions)  were  measured  and  matched  to  overcame 
the  limitations  imposed  by  the  specimen  holder.  Copper  K<x  radiation  was  used 
for  both  the  transmission  and  reflection  portions  of  the  pole  figure. 

Admittedly,  it  would  have  been  desirable  to  have  completed  the  pole  fig¬ 
ure  prior  to  machining  the  specimens.  However,  the  program  would  have  been 
unduly  delayed  if  this  had  been  done. 
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Micro  structure  of  hot  pressed  Pechiney,  d  •  11  microns. 
5001.  Polarized  light. 


-  Micro  structure  of  hot  pressed  Brush,  d  -  19.9  microns. 
500X.  Polarized  light. 
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frigure  5  -  .rai.svcrse  section  ol  drush  extrusion,  -  6.07  microns. 

Black  line  used  ior  orientation  purposes  in  grain  size 
measurements .  500X.  Polarized  light. 


r jyure  6  -  Longitudinal  section  of  drush  extrusion,  d^  •  6.07 

rr  crons.  50jX.  r'olarizeo  light. 
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Figure  7  -  Transverse  section  of  Pechin ey  extrusion,  d^  •  6.57 

microns.  5  jX.  Polarized  light. 


frigure  8  -  Longitudinal  section  oi  Pechmey  extrusion,  d_^  -  6.5 

microns.  500X.  Polarized  light. 
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Section  3 


RESULTS 


3.1  Qrtlfl  ?Ut  MflMMMMnll 

Results  of  the  measurements  of  grain  six*  In  the  hot-pressed  and  the  ex¬ 
truded  material  are  shown  In  Tables  3  end  4.  The  grain  site  values  for  the 
Peehlney  samples  extend  only  over  a  small  range.  4s  will  be  seen  later,  this 
made  It  difficult  to  compare  mechanical  properties  of  the  Peehlney  samples  on 
the  basis  of  grain  sise.  The  smallest  d  values  for  the  Brush  and  Peehlney  ma¬ 
terials  were  sufficiently  alike  that  any  differences  in  properties  could  prob¬ 
ably  be  attributed  to  differences  in  purity. 

3.2  Eali.fjgurtf 

The  basal  and  prismatic  pole  figures  for  the  -150  +200  mesh  Brush  extru¬ 
sion  are  presented  in  Figures  9  and  10.  The  basal  pole  figure  shows  a  dual 
texture,  with  the  basal  poles  concentrated  at  approximately  45  degrees  to  the 
transverse  direction.  The  prism  pole  figure  has  a  very  strong  {loM  texture 
parallel  to  the  extrusion  direction,  as  is  normally  observed. 

The  pole  figure  is  assiaed  to  be  representative  of  all  of  the  extrusions. 
Unfortunately,  funds  were  insufficient  for  analyses  of  the  other  samples. 

3.3  TtPflllf  Ififltl 

The  study  of  the  ductile-brittle  transition  in  beryllium  required  testing 
at  several  temperatures.  The  temperatures  were  selected  somewhat  arbitrarily, 
since  it  was  not  known  beforehand  where  the  transition  would  occur,  if  at  all. 
This  resulted  in  the  hot-pressed  samples  being  tested  from  room  temperature  to 
500°C,  and  the  extruded  samples  from  -195°C  to  200°C.  Subsequent  analysis  of 
the  data  showed  that  it  would  be  desirable,  although  not  essential,  to  overlap 
and  extend  these  regions  further  to  provide  a  more  thorough  understanding  of  the 
deformation  processes  in  beryl llim.  Notwithstanding,  sufficient  information  was 
obtained  to  permit  a  reasonable  explanation  of  the  nature  of  the  transition. 

Tensile  specimens  were  tested  in  two  conditions,  which  will  be  referred  to 
as  unaged  and  aged.  The  unaged  specimens  were  essentially  in  the  as-received 
condition,  except  for  the  700°C  stress-relief  anneal  for  the  hot-pressed  mate¬ 
rial.  In  selecting  an  aging  treatment,  the  idea  in  mind  was  not  to  strengthen 
the  lattice,  but  to  soften  it  by  rejecting  impurity  atoms  from  solution,  ag¬ 
glomerating  them  in  the  form  of  non-roherent  precipitates,  and  thereby  improv¬ 
ing  ductility.  Because  of  the  extensive  test  program  scheduled,  there  were 
relatively  few  specimens  available  to  test  the  effects  of  various  heat  treat¬ 
ments,  and  it  was  thought  advisable  to  try  aging  treatments  that  previous  in¬ 
vestigators  had  successfully  used  to  improve  properties.  In  1955,  Hash  (Ref. 

22)  reported  that  the  ductility  of  hot-pressed  9<V  berylliim  could  be  raised 
from  1  percent  to  about  5  percent  by  heating  for  6  hours  at  0OO°C  and  furnace 
cooling;  or  by  heating  at  600°C  for  1  hour,  air  cooling,  and  then  heating  at 
600°C  for  40  minutes.  Samples  of  hot-pressed  Brush  and  Peehlney  were  therefore 
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Table  3 

GRAIN  SIZE  FOR  HOT-PRESSED  BLOCKS 


Designation 

Source 

Nominal 

Mesh  Size 

PEC-1 

Pechlney 

-  50  ♦  120 

13.2 

PEC-2 

n 

-120  ♦  200 

11.0 

PEC- 3 

H 

-200  +  350 

10.3 

QKV-U 

Brush 

-60+80 

26.5 

QMV-5 

n 

-150  ♦  200 

18.9 

QMV-6 

99 

-325 

9.7 

Table  4 


GRAIN  SUE  FOR  EXTRUDED  FLATS 


Nominal 


Designation 

Source 

Mesh  Size 

dA&i 

iiM 

PEC-4 

Pechlney 

-50+120 

8.02 

10.6 

12.2 

PEC- 5 

99 

-120  ♦  200 

8.09 

11.6 

12.1 

PEC-6 

99 

-200  ♦  350 

6.57 

8.23 

11.2 

QMV-1 

Brush 

-60+80 

iu.5 

17.6 

17. 4 

QMV-2 

99 

-150  ♦  200 

9.59 

13.2 

14.4 

QMV-3 

99 

-325 

6.07 

8.69 

7.87 

Transverse 

direction 


U 


EXTRUSION 

DIRECTION 


(0002)  pole  figure  for  extrusion  fabricated  fro* 
-150  ♦  200  mesh  nrush  (J4V  powder.  Numbers  indicate 
intensity,  times  random. 


treated  in  this  manner  in  a  vacuus  annealing  furnace  aaintained  at  approx lmately 
5  z  10“ -  as  of  Hgf  after  which  they  were  polished  as  described  previously  and 
tested  in  tension  at  room  temperature,  with  the  results  shown  in  Table  5. 

lamination  of  the  data  reveals  that  no  significant  alteration  of  proper¬ 
ties  resulted  froa  these  heat  treataents.  Wolff,  at  al  (Ref.  24)  found  that 
the  ductility  of  rod  extruded  froa  Brush  QHV  powder  was  lowered  by  heating  at 
H00°C  for  1  hour  and  water  quenching;  however,  ductility  could  be  restored  by 
prolonged  aging  at  700°C.  A  siailar  schedule  was  therefore  applied  to  the 
present  hot-pressed  notarial.  The  solution  treatment  was  1  hour  at  1000°C, 
which  was  felt  to  be  sufficiently  high  to  dlaaolve  aost  of  the  metallic  impuri¬ 
ties.  The  sanples  were  cooled  rapidly  in  a  stream  of  argon  and  then  annealed 
for  96  hours  at  700°C.  Again,  as  shown  in  Table  5,  no  improvement  in  ductility 
was  noted. 

In  an  investigation  of  lnteraetallic  phases  in  ccsmerclal  beryl ll\a, 

Rooksby  (Ref.  32)  reported  that  a  cubic  phase  identified  as  Be^(Fe,  Al),  with 
lattice  parameter  aQ  =  6.057A,  could  be  formed  by  solution  treating  for  6  hours 
at  900°C  and  aging  at  700°C.  Rooksby  also  found  a  Be^iFe  structure,  which  is 
hexagonal,  with  a  =  4.13A  and  c  =  10.72A.  Samples  in  the  present  investigation 
were  heated  for  6  hours  at  900°C,  rapidly  cooled  in  a  stream  of  argon,  and  aged 
for  48  hours  at  700°C.  Results  of  tension  tests  of  these  samples  are  also  shown 
in  Table  5,  and  again,  there  were  no  improvements  in  ductility.  X-ray  diffrac¬ 
tion  studies  of  these  aged  samples  revealed  the  presence  of  Bec(Fe,  Al)  in  all 
specimens,  and  the  presence  of  Pt^iFe  in  the  Brush  material  only.  The  diffrac¬ 
tion  patterns  also  showed  several  1 lnes  with  high  d  spec  Inge  that  could  not  be 
identified  with  any  known  beryllita  compounds. 

Since  the  aging  treataents  selected  thus  far  did  not  improve  room  tempera¬ 
ture  ductility,  it  was  decided  to  see  if  there  were  any  effects  at  elevated 
temperatures.  Samples  of  hot-pressed  Brush  material  with  the  smallest  grain 
site  were  given  the  6  hr-900°C,  48  hr- 700°C  treatment  and  tested  at  200,  300, 
and  400°C.  Ductilities  were  substantially  higher  than  for  unaged  samples  tested 
at  the  same  temperatures,  as  will  be  seen  subsequently. 

Rather  than  commit  any  additional  samples  to  experimental  heat  treatments 
in  the  hopes  of  improving  room  temperature  ductility,  the  decision  was  made  that 
all  of  the  hot-pressed  and  the  extruded  specimens  scheduled  for  testing  in  the 
aged  condition  would  be  solution  treated  for  6  hours  at  900°C  and  aged  for  48 
hours  at  700°C. 

3.3.1  IgftlJ-gB  ifafrifTB Mtd 

The  effects  of  temperature,  grain  size,  and  heat  treatment  on  the  tensile 
strength,  O.lf  offset  yield  strength,  elongation,  and  reduction  in  area  at 
fracture  of  Brush  and  Pechlney  hot-pressed  block  tested  st  a  crosshead  speed 
of  0.005  in/min  are  shown  in  Figures  11,  12,  13,  and  14.  Tensile  strengths 
were  calculated  from  the  maxlmta  load  and  the  original  cross-sectional  area. 
Yield  strengths  were  determined  by  the  0.11  offset  method.  The  results  shown 
are  for  single  tests,  except  where  indicated.  The  tensile  and  yield  strengths 
were  generally  nlgher  for  the  smaller  grain  slzas,  and  were  affected  only 
slightly  by  aging. 
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Table  5 


EFFECTS  GP  AGING  TREATMENTS  ON  PROPSITIES  OF  HOT-PRESSED  BLOCK 


Material 

Grain 

Size, 

Aging 

Treatment 

0.1*  Offset 
Yield 

Strength,  psl 

Ultimate 
Tensile 
Strength,  psl 

Elong. 

In  1.5” 
per  cent 

Brush 

26.5 

None 

25,700 

28,000 

0.7 

ft 

18.9 

ff 

29,900 

37,700 

1.2 

ft 

9.7 

ff 

39,500 

**9,900 

1.5 

Pechlney 

13.2 

ff 

24,100 

30,300 

0.8 

if 

11.0 

ff 

28,800 

39,000 

1.2 

ft 

10.3 

ff 

32,700 

43,600 

1.2 

Brush 

26.5 

6  hr  800°C 

28,300 

31,800 

0.7 

ft 

18.9 

If 

29,600 

35,400 

1.1 

ff 

9-7 

ff 

41,200 

49,700 

1.1 

Pechlney 

13.2 

ff 

— 

29,800 

-- 

ft 

11.0 

ff 

28,100 

30,500 

0.7 

ft 

10.3 

ff 

29,900 

38,100 

1.1 

Brush 

18.9) 

1  hr  800°C 

29,900 

36,900 

1.1 

ff 

9-7) 

3/4  hr  600°c 

32,100 

48,900 

1.5 

Brush 

26.5 

1  hr  1000°C 

25,300 

27,400 

0.7 

ff 

18.9 

96  hr  700OC 

29,400 

33,200 

0.8 

ff 

9-7 

ff 

38,500 

44,800 

0.9 

Pechlney 

13.2 

ff 

27,900 

30,500 

0.7 

ff 

11.0 

ff 

29,400 

33,600 

0.8 

ff 

10.3 

ff 

34,400 

42,400 

1.1 

Brush 

26.5 

6  hr  900°C 

25,100 

27,600 

0.6 

ff 

18.9 

48  hr  700° C 

27,800 

34,700 

1.0 

ff 

9.7 

ff 

38,400 

45,800 

1.1 

Pechlney 

13.2 

ff 

29,500 

31,400 

-- 

ff 

11.0 

ff 

26,600 

28,500 

0.6 

ff 

10.3 

ff 

35,  **oo 

**5,900 

1.2 

16 
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Tensile  strength  of  hot-pressed  beryllium, 


C  i9v\n  X  3%  Hj  ]a 


22 


200  30c  4oo  '  v>:  ?c-:  j«  4.  sx 

TEMP(*C)  'Efcf’rK) 
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Elongation  and  reduction  in  area  of  imaged  Brush  samples  Increased  grad¬ 
ually  with  temperature  to  400°C;  thus,  no  ductile-brittle  transition  was  ob¬ 
served.  There  were  insufficient  specimens  to  continue  the  tests  to  higher 
temperatures.  Aging  of  the  Brush  samples  introduced  markea  changes  in  ductil¬ 
ity,  with  a  ductile-brittle  transition,  as  indicated  by  reduction  in  area,  at 
about  200°C  for  the  smallest  grain  size  and  at  300°C  for  the  mod  list  grain  size. 
Samples  with  the  largest  grain  size  are  still  increasing  in  ductility  at  500°C, 
whereas  the  others  have  already  experienced  a  maximim.  Note  that  for  the  aged 
samples,  the  test  temperature  has  been  extended  to  500°C,  but  that  no  tests 
were  made  at  100° 0 . 

The  unaged  Pechiney  samples  exhibited  ductile-brittle  transitions  at 
about  225°C,  300°C,  and  325°C  for  grain  sizes  of  10. 3»  11.0,  and  13.2  microns, 
respectively.  The  larger  grain  sizes  tended  to  have  their  ductility  maxima  at 
higher  temperature,  and  also  exhibited  higher  aaximimi  ductilities.  The  elonga¬ 
tion  and  reduction  in  area  for  the  13*2  micron  grain  size  material  showed  an 
extreme  range  of  values  at  400°C,  with  the  result  that  the  curves  are  shown  in 
two  sections,  one  of  which  is  dotted.  Hater ials  with  a  ductile-brittle  transi¬ 
tion  characteristically  exhibit  both  high  and  low  values  of  ductility  in  the 
transition  region.  Aging  did  not  alter  the  ductility  appreciably,  although  the 
transition  temperature  for  the  11  micron  material  has  been  lowered  about  100 
degrees. 

A  comparison  of  the  mechanical  properties  of  aged  Brush  and  Pechiney  sam¬ 
ples,  with  d  =  9.7  and  10.3  microns,  respectively,  are  shown  in  Figure  15, 
where  it  is  apparent  that  both  materials  have  very  similar  properties.  This 
is  quite  interesting,  since  the  ductilities  were  so  markedly  different  prior 
to  heat  treatment , 

True  stress  vs.  true  strain  curves,  drawn  to  the  point  of  maximum  load, 
are  shown  for  the  9.7  micron  Brush  and  10.7  micron  Pechiney  samples  in  Figures 
16  and  17,  respectively.  True  stress,  <7"  ,  was  calculated  from  the  relation 

<r  --  ±  (i  ♦  .)  (i) 

Ao 

where  P  is  the  applied  load,  Aq  the  original  area,  and  e  the  engineering  strain. 
True  strain,  f  ,  was  calculated  as 


€  -  ln(l  ♦  a) 


(2) 


The  requisite  values  of  P  and  e  were  obtained  from  the  load  deflection  curves. 
Yield  points  or  yield  inflections  were  not  observed  on  any  of  the  hot-pressed 
specimens.  However,  serrated  stress-strain  curves,  characteristic  of  a 
Portevin-LeChatel ier  effect,  were  observed  at  400°C  for  both  agod  and  unaged 
Brush  samples  having  grain  diameters  of  18.9  and  26.5  miarone.  The  atrass- 
strain  curves  for  the  aged  and  unaged  samples  in  Figures  16  and  17  are  simi¬ 
lar,  although  the  aged  material  generally  exhibits  lower  rates  of  work  harden¬ 
ing. 
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stress  vs.  true  strain  curves  for  hot-pressed  Pechiney. 


The  effects  of  strain  rate  on  the  mechanical  properties  of  hot-pressed 
block  at  room  temperature,  200°C,  and  400°C  are  presented  in  Tables  7  and  8, 
Appendix  I,  Three  crosshead  speeds  were  used  (l.e.,  0.005,  0.05,  and  0.5  in/ 
min),  giving  nominal  strain  rates  of  0.0033,  0.033,  and  0.33  per  minute. 

Figures  18,  19,  20,  and  21  show  the  effects  of  these  strain  rates  on  the 
properties  of  the  9.7  micron  Brush  material  and  the  10.3  micron  Pechiney  mate¬ 
rial.  Generally,  increasing  the  strain  rate  Increased  the  yield  and  tensile 
strengths  and  decreased  elongation  and  reduction  in  area.  The  rate  of  work 
hardening  was  also  higher  for  the  higher  strain  rates.  Maxima  in  the  curves 
of  elongation  or  reduction  in  area  vs.  temperature  were  not  observed  for  any 
of  the  samples  tested  at  the  two  highest  strain  rates,  although  tests  at  inter¬ 
mediate  temperatures  would  be  required  to  establish  this  definitely.  It  is 
difficult  to  define  a  transition  temperature  for  the  higher  strain  rates  with 
the  few  points  available,  but  the  temperature  at  which  ductility  begins  to  in¬ 
crease  sharply  for  a  strain  rate  of  0.033  is  about  100°C  higher  than  for  a 
strain  rate  of  0.0033.  An  anomaly  was  noted  in  the  Peehlney  samples  in  that 
at  400°C,  the  highest  strain  rate  resulted  in  the  best  ductility.  This  would 
be  the  case  if  fracture  at  400°C  were  intergranular  for  the  slow  strain  rate. 
Metal lographlc  examination  showed  that  for  the  slow  strain  rate,  fracture  was 
partially  intergranular  and  partially  transgranular  for  both  the  aged  and  un¬ 
aged  samples  at  400°C. 

With  the  exception  of  unaged  samples  tested  at  400°C,  all  specimens  tested 
at  the  highest  crosshead  speed  (0.5  ln/min)  exhibited  slight  instabilities  in 
flow  which  appeared  as  stepwise  increases  in  the  load-deflection  curves  during 
the  first  1  or  2  percent  deformation.  The  small  increases  in  load  were  not 
followed  by  a  decrease,  as  would  be  the  case  for  a  yield  point,  or  strain  aging. 

At  400°C,  the  aged  and  unaged  26.5  micron  Brush  specimens  exhibited  re¬ 
peated  yielding  over  the  entire  plastic  region  when  tested  at  a  crosshead  speed 
of  0.05  ln/mln,  but  not  when  tested  at  0.5  in/min.  The  increases  and  decreases 
in  load,  characteristic  of  a  Portevln-LeChateller  effect,  were  not  as  pronounced 
as  in  the  samples  tested  at  a  crosshead  speed  of  0.005  iti/ain. 

As  mentioned  in  Section  1.1,  the  effect  of  prestrain  at  elevated  tempera¬ 
ture  on  room  temperature  mechanical  properties  was  investigated  briefly.  The 
prestrains  used  were  2%  at  400°C  and  2t  at  200°C,  with  the  results  as  si  town  in 
Table  6.  These  treatments  were  obviously  unsuccessful  in  improving  ductility, 
and,  in  fact,  elongation  was  reduced  slightly  while  yield  strength  increased. 

3.3.2  Tests  on  Extruded  Material 

The  Initial  tests  on  extrusions  were  made  at  room  temperature.  In  the 
transverse  orientation,  fracture  frequently  occurred  in  the  should »r  portion  of 
the  tensile  specimen.  The  most  likely  cause  for  this  behavior  was  the  stress 
concentration  at  this  location,  combined  with  a  preferred  orientation  of  cleav¬ 
age  planes.  The  difficulty  was  largely  eliminated  by  etching  the  specimens 
until  the  gage  section  was  approximately  0.150  inch  in  diameter.  Incidental  to 
this  was  the  elimination  of  any  residual  stresses  Introduced  in  the  initial  ma¬ 
chining,  since  about  0.020  inch  of  material  was  removed  from  the  surface.  Oc¬ 
casionally,  some  of  the  large-grained  samples  still  fractured  in  the  shoulders 
when  tested  at  subsero  temperatures.  However,  if  the  test  was  repeated,  and 
fracture  occurred  in  the  gage  section,  the  swchanical  properties  were  not 
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Figure  20  -  effect  of  strain  rate  on  mechanical  properties  of  unaged,  hot-pressed 

Fechiney,  d  -  10.3  microns. 
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Figure  21  -  nffect  ol  strain  rate  on  mechanical  properties  of  aped,  hot-pressed 

Pechiney,  d  ■  10.3  microns. 
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EFFECT  OF  F RESTRAIN  AT  ELEVATE)  TEMPERATURE  ON 
ROOM  TEMPERATURE  MECHANICAL  PROPERTIES 
OF  UNAGE)  HOT-  PRESS  ED  BLOCK 
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significantly  different.  In  other  words,  If  tha  specimens  had  not  fractured 
In  the  shoulder  portion,  they  would  have  fractured  in  the  gage  section  at  about 
the  same  load  and  deformation. 


The  tensile  strength,  0.1S  offset  yield  strength,  and  elongation  of  Brush 
and  Pechlney  extruded  flats  are  shown  in  Figures  22  through  27.  Redaction  in 
area  was  not  calculated  for  the  extruded  samples,  since  in  many  cases*  It  was 
non-uniform,  producing  an  oval-shaped  gage  section.  Each  f lgure  shows  the  data 
for  four  conditions!  (1)  long itud Inal- unaged ;  (2)  longitudinal-aged j  (3) 
transverse-unaged;  and  (4)  transverse-aged.  The  grain  size  indicated  on  each 
figure  is  d ^  (Table  4),  the  smallest  grain  dimension  measured  in  each  case. 

The  data  cover  the  range  from  -195°C  to  100°C  for  the  unaged  samples,  and 
-195°C  to  200°C  for  the  aged  samples.  The  Initial  tests  ware  made  on  unaged 
extrusions  at  room  temperature,  and  elongations  as  high  as  13  parcent  wars  ob¬ 
served.  Tests  at  subzero  temperatures  were  therefore  required  to  locate  the 
ductile-brittle  transition.  Soma  samples  did  not  show  extensive  elongation  at 
room  temperature  and  tests  at  high  temperatures  were  necessary.  Even  at  100°C, 
some  relatively  low  elongation  values  were  observed,  but  additional  specimens 
were  unavailable  for  tests  at  higher  temperatures.  Tests  were  made  at  200°C, 
however,  on  some  of  the  aged  samples.  There  were  insufficient  longitudinal 
samples  in  the  aged  condition  to  obtain  complete  curves. 

The  curves  of  tensile  strength  vs.  temperature  for  the  Brush  extrusions 
(Figure  22)  show  that  below  room  temperature  tensile  strength  decreased  as  tem¬ 
perature  decreased  for  the  unaged  longitudinal  samples,  but  increased  for  the 
transverse  samples.  Aging  generally  increased  the  tensile  strength  below  roam 
temperature  for  both  the  longitudinal  and  transverse  orientations,  but  did  not 
significantly  affect  the  strength  at  roam  temperature.  At  100°C,  the  tensile 
strengths  of  the  aged  transverse  samples  were  all  slightly  higher  than  the  uiv- 
aged.  Also,  the  strength  of  all  aged  transverse  samples  decreased  between 
-120°C  and  -195°C.  Further  discussion  of  these  curves  will  be  deferred  to  the 
next  section  of  this  report. 


Figure  23  shows  the  tensile  strength  of  Pechiney  extrusions.  In  the  unaged 
longitudinal  samples,  above  room  temperature,  the  tensile  strength  is  highest 
for  the  smallest  grain  size.  However,  st  low  temperatures,  tensile  strength 
was  higher  for  the  larger  grain  sizes.  The  tensile  strength  of  the  unagod 
transverse  samples  did  not  increase  continuously  with  decreasing  temperature , 
as  wa a  the  case  wath  the  Brush  materials  rather,  the  strength  reached  a  maxlmixs 
and  then  declined  in  the  -100°C  to  -195°C  range.  Tensile  strengths  were  some¬ 
what  improved  by  aging,  and  again,  it  was  noted  that  at  100°C,  the  strength  of 
the  aged  transverse  samples  was  greater  than  for  the  unaged. 


The  yield  strengths  (Figures  24  and  25)  followed  patterns  similar  to  the 
tensile  strengths,  and  many  of  the  same  comments  apply.  Aging  caused  signifi¬ 
cant  improvements  in  the  yield  strength  of  the  fine-grained  longitudinal  Brush 
samples  at  all  temperatures,  and  in  the  fine-grained  transverse  Brush  and 
Pechlney  samples  everywhere  but  at  room  temperature.  Aging  also  raised  the 
yi  eld  strength  of  the  longitudinal  Pechlney  extrusions.  Several  of  the  aged 


33 


FNS  \GTh  k  PS,  Tf  SSlLf  STRtNG’fH  i*«iPS 


viE^D  St»ENGTm  :«  PS)  tttLD  STRENGTH  I  *  'PS) 


ELONGATION  ,  PERCENT  in  i  5  iN  :  ELONGATION  (PERCEN7  N  1  5  IN  ) 


TEMP  (•  C) 

(a)  LONGITUD'*  -UNAGED 


TEMP  (»C  ) 

(  D  LONGITUDINAL  age  d 


f igure  26  -  Elongation  oi  Brusn  extrusions. 


38 


lONGATiON 


Figure  27  -  Flonpation  of  Pech.iney  extrusions. 
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staples  showed  either  an  upper  or  lower  yield  point,  or  an  inflection  in  the 
stress-strain  curve  at  yielding.  There  was  no  consistency  in  the  appearance  of 
such  irregularities,  although,  as  indicated  by  the  solid  points  in  Figures  24 
and  25,  they  were  sore  prevalent  in  the  f iner- grained ,  less  pure  materials. 

The  appearance  and  aagnltude  of  an  upper  yield  point  is  subject  to  a  number  of 
variables,  such  as  alignment,  surface  condition,  and  strain  rate,  and  it  Is 
possible  that  those  samples  showing  merely  an  Inflection  would  have  shown  an 
upper  and  lower  yield  point  under  special  test  conditions. 

Elongation  vs.  temperature  plots  are  shown  in  Figures  26  and  27*  In  ex¬ 
amining  these  figures,  care  should  be  taken  to  note  the  change  in  the  ordinate 
values  for  elongation  in  the  aged  condition  when  compared  to  the  unaged.  For 
the  Druah  extrusions,  ductile-brittle  transitions  were  observed  in  the  aged  and 
unaged  longitudinal  samples,  and  in  the  aged  transverse  samples.  Such  transi¬ 
tions  may  have  been  observed  in  the  unaged  transverse  samples  had  testing  been 
extended  to  higher  temperatures.  Aging  generally  had  little  effect  on  the 
elongation  values,  although  at  100°C  ductility  of  the  fine-grained  transverse 
sample  is  about  twice  that  for  the  unaged. 

The  ductility  situation  for  the  Pechiney  extrusions  is  somewhat  unclear. 

In  the  unaged  longitudinal  condition,  the  extrusion  with  d=  8.02  microns, 
which,  inciaentally ,  has  the  lowest  impurity  content,  hs-i  the  greatest  ductil¬ 
ity.  This  is  contrary  to  the  behavior  of  the  Brush  extrusion  in  the  same  con¬ 
dition,  In  which  the  greatest  ductility  was  exhibited  by  the  least  pure,  small¬ 
est  grain  size  material.  In  the  aged  condition,  only  a  single,  small  grain 
size  (d  =  6.57  microns)  sample  was  tested  at  room  temperature,  but  the  elonga¬ 
tion  was  10  percent,  twice  that  for  the  unshed  specimens. 

In  the  unaged  transverse  condition,  the  6.57  micron  samples  had  the  best 
ductility.  Aging  had  little  affect  below  room  temperature,  but  produced  a 
smirked  improvement  in  the  6.57  and  8.C2  micron  samples  at  1C0°C. 

A  comparison  of  the  mechanical  properties  of  the  aged  Brush  and  Pechiney 
fine-grain  size  axtruaione  in  the  transverse  orientation  is  shown  in  Figure  28. 
The  marked  similarity  is  apparent,  despite  the  differences  that  existed  prior 
to  hast  treatment.  There  was  not  enough  longitudinal  samples  to  make  similar 
comparison,  but  where  data  exist,  the  properties  of  the  aged  9.59  micron  Brush 
material  are  very  a  la  liar  to  those  of  the  aged  8.C2  micron  Pechiney  material. 

True  stress-true  strain  curves  for  unaged  Brush  extrusions  tested  at  room 
temperature  are  shown  in  Figure  29*  For  comparable  strains,  the  work  hardening 
ratee  Increase  as  grain  slsa  decreases,  a.xi  are  higher  for  the  longitudinal 
orientation.  A  similar  set  of  curves  is  «  wwn  for  -195°C  in  Figure  30.  These 
curves  are  all  drawn  to  the  fracture  poi;  t ,  making  evident  the  superior  strength 
and  ductility  of  the  transverse  samples  for  comparable  grain  sizes.  The  ser¬ 
rated  curve  for  the  14.5  micron  longitudinal  sample  is  indicative  of  extensive 
twinning  at  low  temperature,  which  was  verified  metallographically .  Although 
no  serrations  were  visible  in  the  load-extension  curves  for  the  9.59  micron  sam¬ 
ple,  metallographlc  examination  shoved  a  region  of  twinning  along  the  center  of 
the  sample,  as  shown  in  Figure  31.  Figure  32  shows  tint  similar  twinning  did 
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not  exist  in  the  transverse  aample  of  the  same  grain  size.  Serrated  stress- 
strain  curves  were  also  observed  for  the  6.  *7  and  8.0^  micron  traneveree 
Fechiney  samples  tested  at  -120°C>  and  for  a  14.5  micron  longitudinal  Brush 
sample  tested  at  -120°C.  No  serrated  stress-strain  curves  were  obtained  for 
extrusions  in  the  aged  condition. 

Stress-strain  curves  for  the  6.C7  micron  Brush  extrusion  tested  in  vari¬ 
ous  conditions  are  shown  in  Figure  33.  A  typical  yield  point  is  indicated  for 
the  aged  longitudinal  specimen  tested  at  23°C»  while  a  typical  yield  inflection 
is  indicated  for  the  aged  transverse  sample  at  the  same  temperature.  Typical 
curves  for  Pechiney  extrusions  are  shown  in  Figure  34. 

The  effect  of  strain  rate  was  not  investigated  for  the  extrusions,  nor  was 
the  effect  of  prior  strain. 


Section  4 

DISCUSSION  OF  RESULTS 

4.1  General  Discussion  of  Tensile  Data 

4.1.1  jfeWTggggfl 

The  tensile  and  yield  strengths  of  unaged  Brush  Beryllium  are  slightly 
higher  than  Fechlney  material  of  comparable  grain  size,  due  probably  to  the 
higher  impurity  content  of  the  Brush  QMV  powder.  Aging  did  not  a ignif icantly 
alter  strength  values  for  either  of  the  materials.  Yield  points  or  yield  in¬ 
flections  were  not  observed  in  any  of  the  aged  or  unaged  samples,  contrary  to 
the  results  of  Mash  (Ref.  22),  who  observed  yield  inflections  even  in  unaged 
hot-pressed  block.  No  explanation  can  be  offered  for  this  difference,  since 
grain  size,  purity,  and  test  conditions  appear  to  be  similar.  The  primary 
difference  is  in  Mash's  specimens,  which  had  a  0.25  x  0.50  in.  cross-section. 

Ductility  of  the  unaged  Brush  samples  was  relatively  low  at  all  tempera¬ 
tures.  Usually,  the  ductility  of  hot-pressed  beryllium  will  increase  sharply 
in  the  200-300°C  range  (Ref.  1,  for  example).  Since  such  increases  were  ob¬ 
served  in  the  unaged  Pechiney  material,  the  low  ductility  of  the  Brush  samples 
at  elevated  temperatures  appears  directly  attributable  to  its  high  impurity 
content.  This  is  further  demonstrated  by  the  results  obtained  on  aged  Brush 
samples,  which  showed  marked  improvements  in  ductility  st  the  higher  tempera¬ 
tures.  The  X-ray  diffraction  studies  reveal  that  solute  atoms,  particularly 
iron,  have  precipitated  from  solid  solutions,  forming  Bec(Fe,  Al)  and  Be^jFe 
particles  that  are  non— coherent  with  the  matrix.  Impurities  present  as  pre¬ 
cipitates  are  evidently  less  detrimental  to  ductility  than  when  they  are  in 
solid  solution.  The  particles  are  thought  to  be  non-coherent ,  since  the  yield 
strength  was  not  affected  by  aging.  The  lack  of  an  effect  of  heat  treatment  on 
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TRUE  STRESS  (KIPS) 


TRUE  STRAIN  — 


i-lgure  33  -  True  stress  vs.  true  strain  curves  for  Brusn  extmsions 

•  t  various  temperatures,  •  6.07  microns. 
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yield  strength  can  also  be  explained  by  the  supposition  that  softening  result¬ 
ing  fro*  solid  solution  depletion  balances  or  outweighs  any’  hardening  due  to 
the  precipitate  Itself  (Ref.  35). 

The  location  of  the  precipitate  particles  is  not  definitely  knt  n,  since 
metallographlc  examination  at  10001  failed  to  reveal  any  difference  between 
aged  and  unaged  structures.  Electron  microscopy  was  not  employed.  According 
to  Adda,  et  al  (Ref.  34),  alum  in  lb  was  present  in  the  grain  boundaries  of  com¬ 
mercial  purity  beryllitmi  when  heated  above  650°C.  Adda's  material  contained 
1500  ppm  of  Al,  and  400-450  ppm  of  iron.  During  heating  between  650  and  800°C, 
iron  and  silicon  dissolved  in  the  al  lb  leva ,  but  above  1000°C,  iron  returned  to 
the  matrix,  where  it  could  be  retained  by  quenching.  In  the  present  investiga¬ 
tion,  the  Brush  material  contained  some  1500  ppm  of  iron,  which  was  probably 
retained  in  the  matrix  on  cooling  from  900°C.  A  portion  of  this  was  subse¬ 
quently  precipitated  as  BeiyFe  on  reheating  to  700°C.  Some  of  the  iron  also 
migrated  to  the  grain  boundary,  where  it  dissolved  in  the  alimlnum  to  form 
Be*(Fe,  Al).  The  Pechiney  material  contained  a  max Ibld  of  1°0  ppm  of  Al  and 
300  ppm  of  Fe.  This  amall  amount  of  iron  is  soluble  in  berylllun  at  700°C  and 
would  not  precipitate  on  thermal  treatment,  which  corresponds  to  the  observa¬ 
tion  that  no  BejjFe  wae  formed  in  the  aged  Pechiney  samples.  However,  the  iron 
in  solution  apparently  migrated  to  the  aluminum  at  the  grain  boundaries  to  form 
the  observed  Be^Fe,  Al).  Precipitation  of  BepiFe  might  be  induced  in  the 
Pechiney  material  by  long  time,  low  temperature  aging  treatments. 

That  some  redistribution  of  Impurities  did  occur  In  the  present  study  can 
be  inferred  from  Figures  35  and  36,  which  show  the  structure  adjacent  to  the 
fracture  surface  of  unaged  and  aged  Pechiney  specimens  tested  at  300°C.  The 
unaged  specimen  contains  a  few  trenegranular  fractures  in  grains  near  the  frac¬ 
ture  surface.  The  aged  specimen  shovB  several  fractures  which  at  higher  magni¬ 
fication  and  under  polarized  light  appeared  to  be  primarily  trane granular. 
Evidently,  it  was  easier  to  nucleate  cracks  in  the  aged  material  but  more  dif¬ 
ficult  to  propagate  them,  permitting  greater  deformation  prior  to  fracture. 

The  observation  that  repeated  yielding  was  observed  in  the  Brush  samples 
tested  at  400°C  is  an  indication  that  even  after  aging,  there  are  significant 
amounts  of  impurities  atill  in  solution.  Serrated  stress-strain  curves  result 
at  elevated  temperatures  when  strain  aging  occurs  during  deformation,  i.e. , 
when  temperature  and  strain  rate  are  such  that  initially  a  dislocation  is  torn 
fro*  its  atmoaphera,  only  to  regain  it  later  as  the  dislocation  is  held  up  at 
some  obstacle.  Repeated  yielding  has  also  been  observed  between  350'  and  575°C 
in  large-grained  extruded  vacuum-cast  metal  (Ref.  16,  p.  418)  and  in  extruded 
flake  and  pebble  ingot  at  300-5O0°C  (Refs.  34,  35).  In  all  caees,  it  has  been 
attributed  to  foreign  atoms  In  solution. 

Inflections  in  the  curves  of  tensile  and  yield  strength  in  the  range  300- 
400°C  can  be  explained  by  strain  aging  (Ref.  34).  Precipitation  during  strain¬ 
ing  at  these  temperatures  apparently  acts  ae  a  strengthening  mechanism. 

Increasing  the  strain  rate  reduces  the  magnitude  of  the  repeated  yield  ef¬ 
fect  at  40OcC.  This  is  in  accord  with  1  he  theory  that  the  repeated  yielding 
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figure  35  -  Region  adjacent  to  fracture  surface  of  unaged,  hot-pressed 
Pechiney  specimen  tested  at  300°  C,  d  •  10.3  .  100X. 


figure  36  -  Region  adjacent  to  fracture  surface  of  aged,  hot- pressed 
Pechiney  specimen  tested  at  300°C,  d  =  10.3  .  100X. 
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is  due  to  dislocation  lock ing ,  sines  st  hign  strain  rates  the  dislocation* 
would  be  expected  to  break  away  fro*  the  atmospheres  and  not  be  locked  again. 

The  effects  of  strain  rate  on  tensile  and  yield  strength  at  all  tempera¬ 
tures  was  only  slight.  Ho  we  Ter ,  ductility  decreased  markedly  with  increasing 
strain  rate,  displacing  the  ductile-brittle  transition  to  higher  temperatures. 
This  behavior  is  characteristic  of  the  region  in  whlcn  fracture  is  tr  ana  gran¬ 
ular  (Ref.  34).  It  is  also  what  would  be  expected  if  the  ductile-brittle  trans 
itlon  is  related  to  a  thermally-activated  deformation  process,  as  will  be  dis¬ 
cussed  subsequently. 

The  experiments  involving  the  effects  of  prior  strain  at  elevated  tempera¬ 
ture  on  room  temperature  properties  were  prompted  by  results  obtained  by  Weaver 
(Ref.  36)  on  chramlim.  After  3  percent  strain  of  chroaivm  at  400°C,  Just  above 
the  ductile-brittle  transition  twperature  of  350°C,  the  material  had  a  room 
temperature  elongation  of  66  perctnt.  Presumably,  dislocations  were  unlocked 
from  impurity  atoms  at  the  elevated  temperaturs.  However,  prestrains  of  2 
percent  at  200  and  400°C  Had  *  slightly  advarae  affect  on  the  room  temperature 
ductility  of  beryllium.  On  the  basis  of  the  previous  discussion,  it  would  seem 
that  daformatlon  at  400°C  would  tand  to  lock  the  dislocations  rather  than  free 
them.  However,  if  this  were  so,  a  yield  point  should  appear  on  testing  at  room 
temperature.  No  such  yield  points  were  observed,  due  possibly  to  dislocations 
being  freed  from  their  atmospheres  by  strains  Induced  in  cooling  from  the  pre- 
strain  temperature.  The  anisotropy  of  tha  coefflcianta  of  expansion  of  beryl- 
lixm  increases  the  likelihood  that  such  strains  would  occur.  In  any  event,  the 
prestrains  at  200  and  400°C  can  be  treated  simply  as  warm  working  operations, 
which  raised  the  yield  strength  and  lowered  the  ductility  at  room  temperaturs. 

4.1.2  ftrtnritd  rttitrUl 

Consider  first  the  properties  of  Brush  extrusions.  Contrary  to  expecta¬ 
tions,  the  tensile  strength  of  unaged  material  in  the  longitudinal  direction 
decreased  as  temperature  decreased  below  roam  temperature.  On  the  other  hand, 
the  transverse  specimens  increased  in  strength  with  decreasing  temperature,  and 
also  exhibited  superior  ductility  below  -100°C.  This  behavior  is  thought  to  be 
related  to  the  extensive  twinning  that  was  observed  at  low  temperatures  in  the 
longitudinal  extrusions.  The  twins  are  likely  sites  for  crack  nucleatlon  (Refs 
4,  28),  particularly  at  low  temperature,  where  the  lack  of  deformation  modes 
would  inhibit,  or  prevent,  the  relief  of  stresses  existing  at  the  tip  of  a  twin 

One  factor  that  must  be  taken  into  account  in  this  explanation  is  that  the 
crystallographic  orientation  of  longitudinal  samples  is  unfavorable  for  twin¬ 
ning.  The  orientation  Is  such  that  the  c-axes  are  perpendicular  to  the  extru¬ 
sion  direction,  and  hence,  perpendicular  to  the  direction  of  the  tensile  stress 
In  order  to  cause  twinning  in  metals  with  c/a  lees  than  as  in  ber/lll\mi, 

it  is  necessary  to  apply  a  tensile  stress  parallel  to  the  c-axis.  This  could 
arise  if  some  of  the  grains  otherwise  unfavorably  oriented  were  somehow  con¬ 
strained  to  twin.  One  possible  mechanla  for  establishing  the  necessary  con¬ 
straints  haa  bean  proposed  by  Main  (Rsf.  37).  A  specimen  io  tension  tends  to 
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elongate  in  the  direct Ion  of  applied  stress  end  to  contract  in  a  perpendicular 
direction.  The  outside  of  the  specimen  is  free  to  contract,  but  the  center  is 
restrained  from  doing  so  by  the  aster lai  around  it.  This ,  in  effect,  produces 
a  tensile  stress  on  aster lal  at  the  center  which  is  actually  perpendicular  to 
the  applied  tensile  stress.  Thus,  there  would  be  a  component  of  tension  paral- 
lei  to  the  o-axes  and  twinning  could  occur. 

Tbe  situation  for  aged  Brush  saaples  is  apparently  different,  since  aging 
significantly  increased  tensile  and  yield  strengths,  particularly  below  roan 
temperature.  For  example,  the  tensile  strength  in  the  longitudinal  direction 
increases  with  decreasing  temperature  and  only  shows  a  slight  decrease  below 
-100°C.  Tensile  strength  of  the  transworse  saaples  also  Increases  with  de¬ 
creasing  teaperature,  although  there  is  a  drop  in  strength  below  -ijO°C.  Tbe 
load-extension  curves  for  the  longitudinal  saaples  did  not  indicate  twinning, 
as  was  the  ease  for  the  unaged  saaples.  No  aetallographlc  examination  of  the 
aged  saaples  was  aade.  The  conclusion  to  be  drawn  froa  this  is  that  purifica¬ 
tion  of  the  aatrix  by  precipitation  of  Impurities  from  solid  solution  has  de¬ 
creased  the  propensity  for  twinning,  and  hence,  eliminated  a  premature  failure 
mechanism.  According  to  Garber,  et  al  (Ref.  38),  the  elimination  of  impurities 
froa  beryllium  increases  the  uniformity  of  deformation  and,  consequently, 
raises  the  plasticity. 

The  effect  of  purity  on  low  temperature  properties  can  also  be  seen  from  a 
consideration  of  the  tensile  strength  and  ductility  of  longitudinal  unaged 
Pechlney  samples.  The  tensile  strengths  of  the  large-grained,  but  purer,  sam¬ 
ples  are  higher  than  those  of  the  fine-grained  samples  below  -50°C.  The  elonga¬ 
tion  of  the  purest  material  (extruded  from  the  -90  +  120  aeah  powder)  is  high¬ 
est  at  all  temperatures  (Figure  27a).  This  was  not  true  of  the  unaged  trans¬ 
verse  Pechlney  saaples,  where  grain  else  appears  to  be  the  dominant  factor,  at 
least  above  liquid  nitrogen  temperatures. 

From  the  Increases  in  tensile  strengths  that  resulted  after  aging  in  both 
the  Brush  and  Pechlney  extrusions,  it  might  be  expected  that  elongation  would 
also  Increase  below  roam  temperature.  However,  no  Increase  was  observed,  most 
probably  because  the  yield  strength  also  increased,  and  thus,  there  was  no  net 
change  in  the  capacity  for  plastic  flow. 

The  yield  behavior  after  aging  is  interesting,  and  not  at  all  similar  to 
the  case  for  the  randomly  oriented,  hot-pressed  samples.  Aging  served  to  raise 
the  yield  strength,  particularly  below  room  temperature,  and  to  introduce  yield 
points  or  yield  inflections  in  many  instances.  The  presence  of  a  yield  point 
may  be  due  to  simple  dislocation  locking.  In  hexagonal  close-packed  metals,  an 
interstitial  solute  atom  produces  a  non- spherically  symmetrical  distortion  which 
is  capable  of  interacting  with  both  edge  and  screw  dislocations,  and  yield 
points  have  been  observed  in  cadkmlia  (Ref.  39)  and  sine  (Ref.  40)  crystals  which 
contained  nitrogen.  Yield  points  are  also  frequently  observed  in  beryllium 
Refs.  22,  24),  but  have  not  been  related  to  any  specific  impurity  element. 

Since  yield  points  were  observed  only  in  the  aged  alloys,  it  is  possible  that 
precipitate  particles  prevent  significant  amounts  of  dislocation  movement  until 
a  sufficiently  high  stress  is  reached,  at  which  point  large  mmbers  of  disloca¬ 
tions  could  move  around  or  through  tbe  precipitate  particles.  In  this  case, 
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yielding  la  a  dynamic  phenomenon,  Involving  a  auddan  multiplication  of  tha  a\m- 
bar  of  movlr^  dial ocat Iona  at  suitable  velocities  (Raf.  41) .  Additional  exper¬ 
iments  specifically  ralatad  to  the  jlald  point  in  berylllm  would  have  to  ba 
parforaad  if  thin  phenomenon  la  to  ba  fully  understood. 

Tha  raaaon  why  ylald  pointa  wara  observed  in  tha  extrusions  la  believed  to 
ba  ralatad  to  thalr  prafarrad  or lan tat Ion.  In  tha  randomly  or lan tad ,  hot- pressed 
materiel ,  only  a  relatively  faw  (raina  ara  eorraetly  orlantad  for  flow  to  occur 
at  a  particular  atraaa  level,  and  yialdlng  la  a  gradual  procaaa.  In  tha  extru¬ 
sions,  tbara  ara  aany  gralna  with  aultabla  orientation,  and  larga  nvmbers  of  them 
can  ylald  at  a  particular  atraaa,  firing  riaa  to  af facta  sufficiently  larga  to  ba 
measured  by  tha  tanalle  aaehlna. 

Tba  lncreaaaa  In  ylald  atrangth  balow  room  temperature  after  aging  ara  in¬ 
dicative  of  a  dispensed  phaaa  hindering  dislocation  notion.  S  la  liar  hardening 
balow  roam  temperature  has  bean  observed  in  slreonixm  containing  a  dispersion  of 
ZrC*2  (Raf*  42)  and  Al  containing  CuAl?  (Raf.  43) •  The  Increases  In  tanalle 
strength  result  from  tha  elimination  or  tha  premature  failure  mechanism  due  to 
purification  of  tba  matrix.  Tha  prematura  failure  mechanism  Is  believed  to  ba 
twinning  In  tha  ease  of  longitudinal  specimens,  and  band-plane  splitting  In  tha 
oase  of  transverse  specimens. 

Obe  additional  factor  deserves  caMMnt  In  connection  with  the  yield  atrangth 
data  for  tha  artrualons.  It  la  apparent  that  both  tha  temperature  dependence  of 
tha  ylald  strength  for  tha  longitudinal  and  transverse  samples,  as  wall  as  the 
magnitude  of  tha  difference  In  ylald  strength  In  tha  two  direci  bear  lit¬ 

tle  resemblance  to  single  crystal  data  (Raf.  11).  This  is  partly  tha  result  of 
tha  relatively  low  extrusion  ratio,  which  prevented  development  of  "pure"  tex¬ 
tures,  and  partly  due  to  tba  lnhomogeneitles  in  flow  and  tha  constraints  that 
develop  In  tha  deformation  of  any  polycrystalline  aggregate. 

Also  of  Interest  In  the  present  study  was  the  relatively  high  ductility 
observed  In  the  transverse  extrusions,  which  Is  oontrary  to  the  results  of  pre¬ 
vious  Investigators  vRefs.  1,  12).  This  again  is  related  to  the  Impure  texture 
and  the  constraints  existing  at  grain  boundaries.  Flow  undoubtedly  commenced 
on  the  basal  planes,  but  as  stress  Increased,  some  prismatic  flow  probably  took 
place,  particularly  at  grain  corners  or  other  areas  where  stresses  could  be 
concentrated. 

4.2  flUfiUlt-JtlUll  DnMltiM  tttffl 

Theories  of  the  duct  lie- brittle  transition  in  berylllxm  hsve  been  exteiv* 
slvely  discussed  la  recent  years  (Refs.  6,  13,  18)  and  only  a  brief  summary 
will  be  given  hare.  In  the  review  by  Itortin  and  Ellis  (Raf.  13),  the  lack  of 
three-dimensional  ductility  la  poly  crystalline  beryllitm  at  low  temperature 
was  ascribed  to  several  factors,  all  of  which  may  be  contributory.  These  aret 


*  Magnitudes  can  be  compared  directly.  In  spite  of  orientation  differences. 
Multiplying  the  applied  stress  bj  0.43  gives  the  shear  stress  on  the  basal 
planes  In  the  transverse  samples,  and  also  the  shear  stress  on  the  prism 
planes  In  the  longitudinal  samples. 
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(1)  The  restricted  nusber  of  deformation  modes,  which  make  it  diffi¬ 
cult  to  transmit  slip  from  grain  to  grain  and  to  accomaK>date  lattice  stresses 
resulting  from  slip  on  a  single  systsm. 

(2)  The  absence  of  slip  modes  resolvable  along  the  c-axis. 

(3)  The  fact  that  the  basal  plane  is  the  predominant  slip  plane  and 
also  the  plane  of  easy  cleavage. 

(4)  The  ease  with  which  bend  planes  fora  during  basal  slip,  and  the 
inability  of  these  bend  planes  to  be  moved  by  the  applied  stress,  so  that  further 
strain  promotes  basal-plane  splitting  (Ref.  44)* 

The  rapid  Increase  in  ductility  above  room  temperature  may  therefore  be  due  toi 

(1)  The  rapid  drop  in  the  resolved  shear  stress  required  for  pris¬ 
matic  slip  as  the  temperature  is  Increased. 

(2)  The  onset  of  pyraaidal  slip,  posribly  in  a  direction  that  can  be 
resolved  along  the  c-axis. 

(3)  An  increasing  ability  for  basal  slide  to  occur  without  the  for¬ 
mation  of  bend  planes,  as  the  temperature  is  raised,  or  an  Increased  ability 
for  bend  planes,  once  formed,  to  migrate  under  the  Influence  of  the  applied 
stress. 

Purity,  although  not  specifically  mentioned  above,  would  exert  a  strong  in¬ 
fluence  on  the  stresses  required  for  the  movement  of  dislocations  In  any  defor¬ 
mation  mode.  Theories  of  the  ductile-brittle  transition  have  been  extensively 
investigated  for  b.c.c.  metals,  and  equations  have  been  developed  that  explain 
the  transition  with  some  fair  amount  of  success.  These  theories  have  already 
been  described  in  detail  (Ref.  45)  and  only  the  salient  points  will  be  men¬ 
tioned  here,  along  with  the  attempts  to  fit  the  data  obtained  in  the  present 
program  to  the  existing  theories. 
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The  yield  stress  of  b.c.c.  metals  generally  fits  the  equation  (Ref.  5)* 


CTj  =  (Ti  ♦  V"”* 


(3) 


in  which  CT"_  is  the  yield  stress,  a  lattice  friction  stress,  k_  is  a  con¬ 
stant  relating  to  the  stress  required  to  unpin  a  dislocation,  and  a  the  grain 
diameter,  from  this,  the  following  equation,  relating  change  in  transition 
temperature  to  grain  size,  can  be  derived i 


n  * 


(4) 


53 


In  the  transition  region,  values  can  be  found  for  the  parameters  in  Eq.  4  and 
a  value  of  J  T/  S  ds  calculated.  From  this,  the  effects  of  changes  in  £  on  the 
transition  temperature  can  be  determined . 

The  quantities  on  the  right-hand  side  of  Equation  4  can  all  be  determined 
from  plots  of  r~j  vs.  d"z,  provided  such  plots  are  linear.  Figures  37  and  38 
show  the  effect  of  grain  else  on  the  yield  strength  of  Brush  hot-pressed  block 
and  Brush  extrusions,  respectively.  The  linear  relation  is  obeyed,  except  for 
the  aged  extrusions.  The  quantity  <S~\*  supposedly  representing  a  lattice  fric¬ 
tion  stress,  it.  obtained  bj  extrapolation  of  the  data  to  the  stress  axis,  where 
a  positive  value  should  be  obtained.  In  Figure  37b,  the  physical  significance 
of  curves  that  extrapolate  to  negative  values  of  stress  4s  difficult  to  assess. 
Thus,  before  any  calculations  are  even  made,  it  can  be  seen  that  there  are 
problems  in  attempting  to  fit  the  data  to  Cottrell's  theory. 

Notwithstanding,  the  case  for  longitudinal  unaged  extruslone  will  be 
analysed  as  the  transition  temperatures  are  rather  sharply  defined  and  goo J 
linear  plots  are  obtained  (Figure  38).  The  value  of  <T~ ^  is  approximately 
20,000  ps 1,  or  14  kg/m.2.  The  slope,  k j,  is  similar  for  all  curves  and  is  1.4 
kg/W/2.  The  variation  of  ky  with  temperature  is  slight,  so  >  ky/  dT  -  0. 

The  variation  of  yield  strength  with  temperature,  d#“y/d  T  is  obtained  from 
Figure  24a v  and  is  -2.8  x  10*“2  kg/mm2  per  degree  for  tne  middle  grain  size  in 
the  vicinity  of  th©  transition  temperature.  Substituting  these  values  into 
Equation  4  gives 


♦  U  kg/mo2  ,  1,4  kg/mm 3/2  x  IQ.l  nmT* 
1.4  kg/am^/2  x  2.6  x  10"2  kg/mm2/deg 


=  5050  deg/mm^ 


To  determine  the  experimental  value  of  6  T/£d$,  the  following  information 
Is  obtained  from  Figure  26a  1 


lissi 

14.5  x  10-3 
9.59  x  10-3 
6.C7  x  10" 3 


12.0  x  10-2 

9.8  x  10“2 

7.8  x  10"2 


IclgJL  11 
?10 
263 
223 


If  is  plotted  against  ?c,  a  straight  line  is  obtained  with  slope  2250  deg/ 
mm*.  This  is  slightly  less  than  half  the  value  calculated  on  the  basis  of 
O -trail '■  theory.  However,  It  is  obvious  that  difficulties  would  be  encoun¬ 
tered  in  applying  this  theory  to  acme  of  the  other  data.  For  example,  for 
Figure  36a,  would  be  nearly  iero,  and  &T/£d*  would  b<*  very  small.  The 
other  cases  shown  could  not  be  treated  at  all.  In  sumn,e*'y,  Cottrell's  theory 
ie  not  conslaered  to  be  applicable  to  beryllium. 


4.2.2  Struh's  Theory  of  frotatllltj  qX  Brittle  fracture  (tof.  47) 


Stroh  developed  a  theory  for  the  ductile-brittle  transition  baaed  on  the 
assumption  that  piled-up  groups  of  dislocations  fonn.  Although  he  considered 
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this  case  specifically ,  his  method  is  applicable  to  any  situation  in  which 
dislocations  are  aided  in  their  movement  by  thermal  activation.  Stroh  ass  vines 
that  if  locked  dislocations  around  a  piled-up  group  car.  be  freed  by  thermal 
fluctuations,  the  metal  is  ductile;  however,  if  the  temperature  is  too  low  to 
permit  a  sufficient  amount  of  thermal  fluctuation,  the  stresses  around  a  piled- 
up  group  become  high  enough  to  initiate  a  crack,  end  the  metal  is  brittle. 
Therefore,  the  probability  of  brittle  fractures  is  identified  with  the  probabll 
lty  that  the  dislocations  near  a  piled-up  group  will  not  be  released. 

Stroh 's  equation  defining  the  probability,  p,  that  a  locked  dislocation 
will  not  be  released  by  a  stress  dependent  activation  energy,  U (<T)  1st 

p  *  exp  £-J/t  exp  U(e")ATjJ  (5) 


where  J/  is  a  constant  of  dimensions  of  frequency,  t  ia  the  time  for  which  the 
stress  on  the  dislocation  is  near  the  value  0",  k  la  the  Boltzmann  constant, 
and  T  is  the  absolute  .emperature.  As  a  result  of  the  Jouble  exponential,  this 
function  changes  rapidly  from  0  to  1  near  a  critical  temperature,  Tc,  which  is 
taken  as  the  transition  temperature.  The  model  thus  reproduces  the  sharp  in¬ 
crease  in  elongation  at  the  transition  temperature.  Because  p  Increases  from 
0  to  1  over  a  short  temperature  range,  it  can  taka  almost  any  poeltlva  value 
between  0  and  1,  and  is  hare  asEtned  equal  to  Therefore, 


T 

C  kin  V  t 


(6) 


Grain  size  affects  the  transition  temperature  in  the  following  manner. 

It  is  as 9vm.ed  that  as  long  as  slip  can  occur  in  at  least  one  grain,  deforma¬ 
tion  car.  continue;  however,  if  slip  ia  halted  in  all  grains,  the  stress  at  the 
head  of  a  piled-up  group  of  dislocations  may  be  sufficient  to  nucleate  a  crack 
and  cause  brittle  fracture.  The  probability  of  a  grain  yielding  at  any  time  is 
the  product  of  the  number  of  grmlns  considered  and  the  probability  1/  axp(-  U/kT) 
of  a  given  grain  yielding.  In  e  sample  of  uniform  grain  size,  the  maber  of 
grains  in  any  region  is  proportional  to  d”3;  thus,  2/  can  be  redefined  to  in¬ 
clude  a  factor  proportional  to  •  Since  t  was  shown  by  Stroh  to  ba  propor¬ 
tional  to  d"“,  than  J/  t «  d“7' If  this  is  Inserted  into  Equation  6, 

tc  u(r)  ; 

where  C  is  a  constant  that  takas  into  account  the  unknown  proportionality  con¬ 
stant.  Tha  activation  energy,  O(g'),  where  is  a  function  of  the  applied  stress, 
is  the  energy  needed  to  operate  a  Frank- Read  source  same  distance  ahead  of  the 
piled- up  group. 

Allen  end  Moore  (Ref.  6)  plotted  1/TC  vs.  Ind  for  beryllium  sheet  rolled 
from  electrolytic  flake  ingot  and  obtained  a  value  of  0.48  e.v.  (1  e.v.  = 

23,000  cal)  for  U(*”).  In  the  present  study,  similar  plots  were  made  for  those 
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Bruch  samples  for  which  •  transition  was  observed.  Figure  39  shows  that  the 
1 inear  plots  were  obtained,  fro*  which  the  following  activation  energies  were 
calculated i 


.c&adlUgfl 

fl-ilalxi 

Rot-pressed,  aged 

0.36 

btruded  transverse,  aged 

0.27 

Extruded  longitudinal,  unaged 

0.19 

These  are  so*ewhat  less  than  the  value  quoted  bj  Allen  and  Moore,  but  indicate 
that  the  basic  Stroh  theory  can  be  appliec  to  berylllta.  The  following  section 
of  this  report  will  discuss  this  in  soae  detail.  The  a*all  difference  in  grain 
site  between  Pechiney  samples  precluded  a  siailar  analysis. 

In  an  earlier  report  (Ref.  45,  p.  12),  reference  was  Bade  to  the  possibil¬ 
ity  of  distinguishing  between  a  pile-up  aechaniaa  and  a  split  bend  plane  aeeha- 
nlsB  as  being  the  primary  cause  of  fracture.  Unfortunately,  no  such  distinction 
could  be  aade,  as  the  data  obtained  in  this  study  fit  either  case. 

4.2.3  ftflMufl  Itori  gf  \ht  gacUl»-£rnUt  IrmlUga  la  fonriilia 

The  theory  to  be  developed  arose  fra*  a  consideration  of  the  reasons  for 
the  l*prove*ents  in  ductility  that  resulted  fra*  aging.  For  example,  there 
were  only  very  slight  differences  in  the  tensile  and  yiald  strengths  of  ageu 
and  unaged  hot-pressed  Brush  sanples  but  narked  increases  in  ductility  above  a 
certain  tsnperature.  Biaalnatlon  of  the  stress-strain  curves  indicated  that 
the  primary  difference  between  the  two  conditions  was  a  lower  rate  of  work  hard¬ 
ening  for  the  aged  sanples.  Consideration  was  given  to  the  fine-grained  mate¬ 
rial,  and  the  slope  of  the  stress-strain  curves  was  aeasured  at  1  percent  strain 
for  several  temperatures ,  with  the  result  shown  in  Figure  40.  The  work  harden¬ 
ing  rates  for  the  aged  saaples  are  significantly  lower  in  the  range  fra*  about 
100-400°C,  caamensurate  with  the  lnproved  ductility  of  the  aged  sanples  in  this 
region  (see  Figures  13  and  14).  Rote  that  both  the  ductilities  and  the  work 
hardening  rates  are  siailar  at  400°C  for  the  two  conoitlons.  Figure  40  also 
abows  a  curve  for  aged  Pechiney  aaterlal.  The  curve  for  unaged  Pechiney  is  not 
shown,  but  is  almost  identical.  Age  in,  correlations  can  be  aade  with  the  im¬ 
proved  ductility  and  lower  work  hardening  rate  as  compared  to  the  unaged  Brush 
berylllia. 

These  results  are  emphasised  irt  Figure  41,  which  shows  the  flow  stress  at 
strains  of  0.05  and  1.0  percent  for  the  fine-grained  Brush  specimens.  The  flow 
stresses  at  0.05  percent  are  very  similar  for  the  aged  and  unaged  conditions, 
but  the  aged  samples  show  significantly  lower  flow  stresses  at  percent  strain 
in  the  100-400°C  region. 

Similar  correlations  between  ductility  and  work  harder,  lng  rate  were  at¬ 
tempted  for  transverse  specimens  froa  Brush  and  Pechiney  extrusions,  with  only 
partial  success.  For  exaaple,  at  roa*  temperature ,  the  work  hardening  rate  for 
aged,  fine-grained,  Brush  saaples  dropped  below  that  for  unaged,  corresponding 
to  the  sharp  Increase  in  ductility  in  the  aged  condition  at  that  temperature . 
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Ln  d  vs.  l/Tc  plots  for  Brush  beryllium. 


WORK  HARDENING  RATE 


figure  40  -  Work  hardening  rates  at  1  par  cent  strain  for  hot-pressed 
beryllium. 


6C 


Kitiure  41  -  How  stress  at  0.05  and  1.0  per  cent  strain  for 
hot-pressed  Brush,  d  •  9.7  microns. 
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However,  ln  same  cases  material  with  a  high  work  hardening  rate  had  better  duc¬ 
tility.  The  caapar Isons  xay  be  complicated  by  tax’  ural  variations  within  an 
extrusion  and  also  be  possible  textural  differences  between  Brush  and  Pechiney 
extrusions  of  similar  grain  aise.  Figure  42  shows  the  data  obtained. 

Since  there  was  soae  indication  that  good  ductility  could  be  correlated 
with  low  work  hardening  rates,  theories  of  work  hardening  were  investigated. 

A  recent  review  of  this  subject  has  been  Bade  by  McLean  (Ref.  48,  Chap.  9). 

The  lowest  rates  of  work  hardening  are  found  in  Betels  with  high  stacking  fault 
energy  (9  ).  For  example,  silver,  with  a  stacking  fault  energy  of  less  than 
20  ergs/as*  has  a  such  higher  rate  of  work  hardening  than  aluminum,  with  t  * 
200  ergs/aa^.  The  low  work  hardening  rate  of  beryllium  would  Indicate  a  high 
stacking  fault  energy.  Wllsdorf  and  Wilhelm  (Ref.  49)  state  that  beryllium  has 
a  high  stacking  fault  energy  and  Frledel  (Ref.  90),  citing  aeasuiremeats  by 
Saulnler  on  extended  nodes  in  a  beryl lium  dislocation  network,  actually  calcu¬ 
lates  a  value  of  f  *  5  *  10^  Ob,  which  is  166  ergs/cm*. 

The  reason  that  aetals  with  high  stacking  fault  energy  have  low  rates  of 
work  hardening  is  that  cross  slip  is  easier.  Cross  slip  results  when  an  ax- 
tended  dislocation,  blocked  by  a  pile-up  or  a  dislocation  tangle,  foras  a  con¬ 
striction,  which  bows  out  and  slips  on  another  plane.  In  aetals  of  high  stack¬ 
ing  fault  energy,  the  extended  dislocations  are  not  very  wide,  and  a  relatively 
aaall  amount  of  energy  is  required  to  fora  the  constriction  necessary  for  cross 
slip.  Obviously,  the  easier  it  Is  to  accomplish  this,  the  easier  dislocations 
can  move  out  of  pile-ups  or  tangles,  and  the  lower  the  rate  of  work  hardening 
will  be.  Frledel  (Ref.  91)  described  a  thermally  activated  process  whereby 
screw  dislocations,  split  on  the  basal  plane  of  a  hexagonal  aetal ,  recombine 
to  cross  slip  into  a  prismatic  or  pyraaldal  plane.  Flynn,  Mote,  and  Dorn 
(Ref.  92)  successfully  applied  Frledel 's  theory  to  magneeiim. 

Magnesium  is  believed  to  have  a  high  stacking  fault  energy,  since  stacking 
fault  ribbons  have  not  been  observed,  although  they  have  for  sine  and  cadaliai 
(Ref.  93).  The  fact  that  stacking  fault  ribbons  have  not  been  observed  in  be¬ 
ryllium  is  further  evidence  that  the  stacking  fault  energy  is  high,  and  that 
cross  slip  should  be  easy. 

It  is  therefore  proposed  that  the  ductile-brittle  transition  in  beryllium 
is  due  to  a  sudden  increase  in  the  probability  that  cross  slip  will  occur.  TTie 
applicability  of  Stroh's  theory  (Sec.  4*2.2)  now  becomes  apparent,  provided 
certain  modifications  are  aade.  Assume  that  dislocations  are  prevented  from 
moving,  either  because  they  are  ln  a  pile-up  or  in  a  tangle.  The  latter  is 
more  likely,  since  pile-ups  have  only  been  observed  rarely  in  beryllium*  If 
no  dislocations  can  be  freed,  fracture  will  occur.  However,  if  additional  dis¬ 
location  motion  can  be  obtained,  say  by  cross  slip,  then  fracture  will  be  de¬ 
layed.  Assuming  that  constrictions  have  already  occurred  as  the  result  of  the 

applied  stress  acting  on  the  blocked  dislocations,  we  relate  the  probability  of 

brittle  fracture  to  the  probability  that  a  constriction  will  not  bow  out  and 

cause  additional  slip.  The  constriction  here  takes  the  place  of  the  Frank-Read 

source  ln  Stroh's  theory.  In  fact,  it  is  very  similar  to  a  Frank-Read  source, 
in  that  it  is  a  length  of  dislocation  pinned  at  the  ends,  equation  5  now  ap¬ 
plies  to  the  constriction  in  an  extended  dislocation.  The  activation  energy 
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Figure  4 2  -  Work  hardening  rates  at  1  per  cent  strain  for  extrusions 

tested  in  the  transverse  direction 
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refers  to  the  energy  required  to  bow  out  a  constriction.  The  total  activation 
energy  would  be  the  sub  of  the  energy  required  to  cause  the  constriction  to  oc¬ 
cur  plus  the  energy  to  bow  out  the  constriction. 

We  now  Bust  inquire  as  to  whether  or  not  the  activation  energies  calculated 
in  Section  4*2.2  are  reasonable.  For  alvnlmn,  which  has  high  stacking  fault 
energy,  the  energy  for  bowing  out  a  constriction  Is  0.95  e.v.,  whereas  for  cop- 
per,  with  low  stacking  fault  energy,  the  energy  required  is  9.2  e.v.  (Ref.  54)* 
From  the  data  given  for  magneslxmi  (Ref.  52),  a  value  of  0.12  e.v.  can  be  calcu¬ 
lated.  The  activation  energies  for  berylllia  (0.19  to  0.36  e.v.)  are  therefore 
the  correct  order  of  magnitude  for  a  aetal  with  a  high  stacking  fault  energy. 

It  should  be  possible  to  obtain  verification  of  the  assunption  that  ther¬ 
mally  activated  cross  slip  is  responsible  for  the  ductile-brittle  transition  in 
berylliw  by  measuring  the  temperature  and  strain  rate  dependence  of  the  flow 
stress  of  single  crystals.  The  data  obtained  from  such  studies  should  make  it 
possible  to  identify  the  thermally  activated  straln-rate-controlllng  disloca¬ 
tion  process  at  various  temperatures.  Other  thermally  activated  processes  that 
could  control  slip  are  the  Pelerls  mechanism  or  the  dislocation  intersection 
mechanism. 

However,  assxaing  that  the  proposed  mechanism  does  operate  to  control  the 
transition,  the  experimental  data  obtained  in  the  present  study  can  now  be 
rationalised. 

Effect  of  d\x lty .  The  lower  work  hardening  rates  observed  for  aged  mate¬ 
rial  (or  for  unaged  Pec  hi  nay  samples  compared  to  unaged  Brush  .'temples )  indi¬ 
cate  that  cross  slip  is  easier  in  the  aged,  or  purer,  condition.  Alloy  addi¬ 
tions  are  known  to  lower  the  stacking  fault  energy,  and  thus  make  cros  slip 
more  difficult  (Ref.  49,  Chap.  6).  Although  the  unaged  beryl  Ilia  might  contain 
amounts  of  impurities  sufficient  to  cause  a  significant  reduction  in  stacking 
fault  energy,  this  is  uni Ike ly .  However,  Seeger  (Ref.  55)  proposes  another 
mechanism  whereby  strains  around  solute  atoms  can  Inhibit  cross  slip.  Disloca¬ 
tions  can  only  cross  slip  when  they  are  pure  screw.  The  elastic  and  electrical 
strains  present  around  solute  atoms  can  made  a  dislocation  line  wavy,  so  that 
additional  energy  would  be  required  to  straighten  it  before  cross  slip  could 
occur .  In  any  event,  the  probability  of  cross  slip  is  greater  for  the  material 
with  the  least  amount  of  impurity  in  solid  solution,  and,  consequently,  such 
material  should  exhibit  a  lower  transition  temperature. 

Effect  of  grain  jlte.  The  reason  that  the  transition  temperature  is  lower 
for  the  fine-grained  material  may  be  explained  simply  by  Stroh's  argument  that 
the  more  grains  there  are  in  a  given  volimie,  the  greater  the  probability  that 
one  is  capable  of  deforming,  in  this  case,  by  cross  slip.  Another  possibility 
is  that  for  any  given  temperature  and  amount  of  strain,  the  flow  stress  is  al¬ 
ways  higher  for  the  smaller  grain  sizes  (see  for  example  Figure  29).  Since  the 
activation  energy  is  stress  dependent,  this  means  that  when  the  stress  on  the 
constriction  is  high,  less  thermal  energy  would  be  required  to  cause  cross  slip. 

It  can  also  be  argued  that  large  grained  samples  are  more  susceptible  to 
twinning  and  bend  plane  deformation,  which  would  serve  to  initiate  premature 
failure. 
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Effect  of  strain  rate.  If  deformation  i6  controlled  by  any  thermally  acti¬ 
vated  process,  then  an  increased  strain  rate  would  tend  to  reduce  the  amount  of 
deformation  that  could  be  sustained  before  fracture.  Also,  the  rate  of  work 
hardening  would  be  higher  for  the  faster  strain  rates.  Both  of  these  effects 
were  observed  in  the  present  study. 

Effect  of  orientation.  The  ductile-brittle  transition  temperatures  were 
lower  for  extruded  material  than  for  hot-pressed  block.  This  is  a  consequence 
of  there  being  a  larger  nimber  of  grains  suitably  oriented  for  flow  in  the 
oriented  samples.  For  hot-pressed  block,  deformation  beings  in  a  few  suitably 
oriented  grains.  As  the  stress  increases,  more  and  more  grains  contribute  to 
the  total  deformation,  but  by  this  time  the  applied  stress  becomes  high  enough 
to  initiate  fracture  in  the  grains  that  deformed  first. 

On  the  basis  of  the  discussion  thus  far,  it  might  be  thought  that  a 
ductile-brittle  transition  should  occur  only  where  basal  slip  is  predominant, 
i.e.,  in  hot-pressed  block  or  in  the  transverse  direction  of  extruded  material. 
However,  Friedel's  theory  (Ref.  51)  aas\«es  that  if  prismatic  slip  takes  place, 
then  dislocations  containing  edge  components  can  glide  on  the  prism  plane  until 
they  combine  with  dislocations  of  oppo&ite  sign  or  become  blocked.  Such  block¬ 
ing  can  occur  in  the  vicinity  of  screw  dislocations  which  automatically  dis¬ 
sociate  with  a  decrease  in  energy  into  their  partlals  on  the  basal  plane.  Con¬ 
tinued  slip  therefore  requires  recombination  of  the  partlals  on  the  basal  plane 
to  form  screw  dislocations  on  the  prism  plane. 

gfasl.  of  temperature.  The  obvious  effect  of  temperature  is  that  cross 
slip  should  become  easier  as  temperature  increases  because  of  the  increased 
thermal  energy  available.  However,  according  to  Equation  5,  a  critical  tem¬ 
perature,  Tc,  must  be  reached  before  there  is  a  sharp  increase  in  the  probabil¬ 
ity  that  significant  amounts  of  cross  slip  will  occur  and  that  ductile  behavior 
will  result. 

The  preceding  discussion  has  considered  the  case  for  cross  slip  onto  prism 
planes  only.  However,  there  is  no  reason  why  the  same  argument  could  not  be 
applied  to  dislocations  cross  slipping  onto  a  pyramidal  plane.  Bnphasis  should 
be  given  here  to  the  point  that  the  proposed  theory  is  not  based  on  the  initi¬ 
ation  of  prismatic  or  pyramidal  slip  in  the  ordinary  sense,  but  rather  on  the 
thermal  activation  of  cross  slip  from  the  basal  plane  onto  either  the  prismatic 
or  pyramidal  plane. 

Little  discussion  has  been  made  of  fracture  mechanisms  in  relation  to  the 
ductile-brittle  transition.  The  details  of  the  fracture  process  are  not  par¬ 
ticularly  pertinent,  since  we  are  concerned  primarily  with  the  events  leading 
up  to  fracture.  It  will  suffice  to  say  that  fracture  occurs  because  there  is 
no  capacity  for  plastic  flow,  and  plastic  flow  ceases  when  dislocations  are  no 
longer  free  to  move. 
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Section  5 


SUMMARY  AND  CONCLUSIONS 


The  ductile-brittle  transition  in  beryUlui  has  bssn  investigated  from  ex¬ 
perimental  and  theoretical  standpoints.  It  has  been  shown  that  in  two  grades 
of  eoMerclal  purity  beryllix*  the  transition  can  occur  over  a  wide  temperature 
range,  depending  on  purity,  orientation,  grain  else,  and  strain  rate.  Prior  to 
heat  treatment,  better  ductility  was  observed  at  certain  temperatures  for  the 
purer  Pechiney  CR  beryllivm  than  for  t..«  relatively  impure  Brush  i#V.  However, 
after  an  aging  treatment,  both  materials  exhibited  similar  properties.  The 
aging  treatment  caused  the  precipitation  of  impurities  from  solid  solution  in 
the  fora  of  compounds,  thereby  purifying  the  matrix  and  increasing  the  capacity 
for  slip. 

The  aging  treatment  of  6  hours  at  900°C,  followed  by  40  hours  at  700°C  was 

not  an  optimimi  treatment  for  either  material,  as  strain  aging  was  observed  at 

400°C  in  both  aged  and  unaged  Brush  samples.  This  indicates  that  even  after 

precipitation,  the  matrix  was  still  saturated  with  impurities.  Also,  the  af¬ 

fects  of  aging  on  the  Brush  material  were  much  greater  than  on  the  Pechiney, 
indicating  that  a  different  beat  treatment  might  have  been  more  satisfactory 
for  the  latter. 

The  principal  Impurity  precipitated  from  solid  solution  is  believed  to  be 
iron,  since  the  compounds  Be^(Fe,  Al)  could  be  Identified  in  all  samples,  and 
BejjFe  in  the  Brush  material  only,  which  was  initially  higher  in  iron. 

Dislocation  locking  is  not  believed  to  be  a  factor  limiting  the  ductility 
of  randomly  oriented  beryllivmi,  since  treatments  which  would  have  freed  locked 
dislocations  from  impurity  atmospheres,  i.e.,  prior  strain  at  elevated  tempera¬ 
ture,  did  not  Improve  ductility. 

The  properties  of  unaged  extrusions  at  low  temperature  we  -a  contrary  to 
expected  behavior  in  that  the  longitudinal  specimens  failed  prematurely  by 
twinning,  .leading  to  low  strength  and  ductility.  Aging  resulted  in  signifi¬ 
cant  improvements  in  low  temperature  strength,  apparently  by  reducing  the  ten¬ 
dency  to  twin. 

The  ductile-brittle  transition  was  examined  and  an  attempt  was  made  to 
explain  the  transition  as  being  due  to  the  thermally  activated  cross  slip  of 
dislocations  from  the  basal  plane  into  a  prismatic  or  pyramidal  plane.  The 
proposed  theory  was  in  reasonable  agreement  with  the  experimental  facts. 

This  investigation  raised  severed,  questions  that  should  be  the  subject  of 
further  study.  An  effort  should  be  made  to  verify  the  cross  slip  theory  by 
studying  the  temperature  and  strain  rate  dependence  of  flow  stress  of  single 
crystals.  Along  with  this,  work  hardening  mechanisms  should  be  examined  in 
beryllium,  and  related  to  such  factors  as  purity,  grain  size,  strain  rate,  tem¬ 
perature,  and  orientation.  Further  tests  should  be  made  at  subzero  tempera¬ 
tures  to  establish  the  conditions  better  under  which  beryllivm  could  be  used 
at  these  temperaturer .  Consideration  should  be  given  to  heat  treatments  that 
might  further  improve  the  ductility  of  commercial  beryllium. 
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B'FBCT  OF  STRAIN  RATE  CH  MECHANICAL  PROPERTIES 
OF  HOT -PRESS ED  BLOCK 
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Table  7 


VTOCT  GP  S THAIS  BATS  01  MBCHAMICAL  PHOPKRTIES  OP  BRUSH  HOT-PRCSD  BLOCK 


Grain 

Sire,<f 

Condition 

°c 

Strain 
race, 
per  aln. 

ULtlaate 

Ttenslle 

Strength, 

Kips 

0.1*  Offset 
Yield 
Strength 
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ELong. 

*  in 

1.5  In. 

Reduction 
In  Area, 
* 

26.5 

framed 

23 

0.0033 

28.0 
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0.7 
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it 

tt 

ft 
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9.7 

ft 

m 

ft 
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m 

ft 

27.6 
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m 

ft 
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It 

m 

ft 
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1.5 

26.5 

Itoaged 
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18.9 

It 

it 

ft 

31.8 
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m 

w 

ft 

46.1 

35.3 

1.9 
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26.5 
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tt 

ft 
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18.9 

m 

ft 
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w 

ft 

ft 

43.2 

3 2.2 
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Uhaged 
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25.6 
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| 

ft 

ft 
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21.0 
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It 

ft 

ft 
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ft 
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• 

ft 
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W 

ft 

ft 
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28.6 
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26.$ 
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23 
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31.9 

29.6 

0.7 
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18.9 

it 

ft 
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30.7 
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ft 
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ft 

ft 

37.9 

29.4 

1.4 

2.0 

9.7 

It 

ft 
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200 

ft 

26.0 

20.7 

1.06 

0.8 

18.9 

■ 

ft 

ft 

32.2 

24.4 

1.6 

2.0 

9.7 

ft 

ft 

ft 

45.1 

34.8 

1.9 

2.0 

26.5 

Aged 

tt 

ft 

26.3 

21.1 

1.2 

1.1 

18.9 

m 

ft 

ft 

32.5 

24.2 

1.7 

2.0 

9.7 

m 

ft 

ft 

44.4 

34.8 

2.1 

3.0 

26.5 

Itiaged 

400 

ft 

26.4 

18.5 

3.1 

M 

18. 9 

ft 

ft 

ft 

27.2 

17.5 

3.2 

6.3 

9.7 

m 

ft 

ft 

36.0 

25.8 

5.2 

17.5 

26.5 

Aged 

ft 

ft 

26.5 

17.9 

3.7 

5»*» 

18.9 

m 

ft 

ft 

28.9 

17.7 

9.3 

18.3 

9-7 

m 

ft 

ft 

40.3 

28.5 

6.8 

18.9 

26.5 

Uhaged 

23 

0.33 

33.8 

30.4 

0.8 

1.2 

18.9 

V 

ft 
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ft 
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Table  7  ( Continued) 


Grain 

Siae^ 

Condition 

Tan?., 

°C 

Strain 

rate 

per  min. 

Ultimate 

Tensile 

Strength, 

Kips 

0.1*  Offset 
field 
Strength 
Kips 

Elong. 

I  in 

1.5  in. 

Reduction 

in  Area, 
* 

26.5 

Uneged 

hoo 

0.33 

26.6 

18.7 
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3.6 

18.9 

« 

ft 

ft 

28.9 
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n 

ft 

ft 

39.1 
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6.2 

26.5 
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ft 

ft 
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it 

ft 

ft 

27.6 
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it 

ft 

ft 
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Table  8 


EFFECT  OF  STRAIN  RATE  ON  MECHANICAL  FROPERTIE  OF  F  EC  HI  KEY  HOT- F  RES  EL  BLOCK 


Grain 
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Temp., 
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rate, 
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a 
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a 

a 

a 
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11.1* 
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a 

a 
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8.0 
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11.0 
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a 

a 
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a 
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